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Thermal Characterization of fuel sources is essential in
geochemical exploration. Determining the maturity of source
rock and coal beds aids in the processing of these fuel
sources. Quantitative assessment of the migratory
hydrocarbons (Pl)' kerogen (Pz) and fixed gases (P3) provide
vital information about the fuel generating capability of the
sample.

Total thermal processing of samples, both geochemical
and polymeric, can occur with temperatures up to 1400°C. The
system used in this evaluation makes use of both furnace and
filament pyrolysis. Samples analyzed included oil shales,
polymers and composite materials.

Pyrolysis equipment in general is composed of three
major components. First and foremost, a filament, wire or
furnace in which the sample is deposited for pyrolysis. The
second component is a heated chamber which prevents the
pyrolysate from condensing and not reaching the injection
port. The final component is a modificatiop’or add-on to the
injection port of the gas chromatograph °—. Egsgaard and
Carlsen describe a low pressure continuous flow inletting
system for Curie Point pyrolysis into a mass spectrometer °.
In their work they describe three separate inletting systems
depending on sample matrix: gas, liquid or solid. Many mass
spectrometers, however, can accommodate direct insertion
probes for pyrolysis in the source ‘. This technique,
although valuable for many applications, tends to produce
highly complex spectra because there is no chromatographic
separation. Cold trapping prior to injecting the pyrolysate
onto the GC will improve resolution, however, highly
volatile components may tend to breakthrough and go
undetected. .

The impetus of his work was to provide an analytical
system which would provide a full range of thermal processing
capabilities, including dynamic headspace, furnace pyrolysis
and filament pyrolysis. Previously, thermal treatment of
samples involved Curie Point, furnace or filament pyrolysis.
Each of these pyrolysis techniques has advantages and
limitations.
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The system in this study makes use of a programmable
furnace pyrolyzer for temperatures up to 600°C and a filament
pyrolyzer capable of reaching temperatures up to 1400°%C. A
major benefit of this system is the programmable furnace in
combination with a series of adsorbent traps whick enable
fractions to be collected prior to chromatographic analysis.

All heated zones in the system are controlled via the
systems computer terminal which can accommodate 20 separate
methods. As the sample is heated, sample flow passes over
the sample and sweeps the volatiles through an adjustable
split valve. Part of the sample then moves to a monitor
flame ionization detector (FID), the rest of the sample is
carried to an absorbent trap. At that point a second
temperature fraction can be collected in the same manner. A
molecular sieve trap can also collect any fixed gases which
may be evolved from the sample. These gases are then
analyzed by a self contained packed column GC with a thermal
conductivity detector. This is the first analytical system
to employ furnace pyrolysis, filament pyrolysis and trapping
capabilities. Heating rate capabilities range form 0.01°C/
minute to a maximum rate to 20,000°/secornd.

Experimental Section

The system described in this paper makes use of existing
elements of analytical instrumentation in a unique
combination. A CDS Instruments Model 920 Thermal Processing
System was used in , these experiments. Dynamic
headspace/purge and trap, furnace pyrolysis and filament
pyrolysis can all be performed during a single experiment.

The thermal processing unit consists of a thermal
desorption/furnace pyrolysis chamber mounted on the side of
the instrument. For dynamic headspace and/or furnace
pyrolysis the chamber has a maximum temperature of 600°C.
The heating rate of the furnace is up to 60°C/minute. If
higher temperatures or heating rates are required, the
Pyroprobe 2000 can be used to heat the sample to a maxzimum
temperature to 1400°C at rates from 0.01°C/minute to
20,000°C/second. As the sample is heated, carrier flow
directs the volatiles to the three on-line traps. These traps
contain Tenax TA to retain organic fractions or molecular
sieve 5A for trapping fixed gases.
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Figure 1 shows a flow diagram for this system, which
contains three traps, a monitor FID, packed column GC with a
TCD and a capillary column GC with an FID. In terms of
geochemical analysis, the furnace heats the sample to 300°,
while the migratory hydrocarbons are trapped onto trap A. At
the same time part of this fraction goes on to a monitor FID
to determine the total P, concentration. The sample is then
heated to 600°C. The cracked kerogen passes to a split valve
where part of the .sample is collected onto trap B and the
remainder passes on to the monitor FID for P, evaluation.
After collection of the fixed gases on the molecular sieve
trap, the fixed gases are analyzed with a packed column GC
and a thermal conductivity detector. After this, the trap
containing the migratory hydrocarbons (P,) is backflushed
through a heated transfer line to a capillary GC with a 50M
X 0.25mm SE-54 capillary column. After this analysis, trap
B containing the cracked kerogen components is backflushed
and analyzed by the capillary GC.

Figure 1: Flow schematic of thermal processing system.

Due to the flexibility and programming capability of
this system, any number of thermal treatments can be
performed depending on analytical needs.

641



Results

Two geochemical samples were compared in this study.
The first sample was an Alaskan oil shale, the second sample
was from the Green River. The samples were heated to 300°C
and then to 600°C using the furnace pyrolyzer. Figure 2
shows the monitor FID composite results of the Alaskan oil
shale sample along with the temperature profile. The P1
composite fraction elutes at approximately 138°C and P, elutes
at a sample temperature of 530°C. The area ratio of P;/P; was
measured to be 0.084.

TEMPERATURE PROFILE

600 C

P2 COMPOSITE

P1 COMPOSITE

Figure 2: Temperature profile, Py and P2 fractions
of an Alaskan oil shale.

Figures 3 and 4 respectively, show the capillary column
chromatograms of these two fractions. The Plfraction shows
the migratory hydrocarbons from pentane to tetradecane. The
larger fraction, P, displays the cracked kerogen geopolymer.
Compounds generated by thermal treatment up to 600°C produces
hydrocarbons up to Cay-

MIGRATORY HYDROCARBONS (P1)

SAMPLE HEATED TO 300
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igure 3:  pAlaskan oil shale heated to 300 C.

642




GEOCHEMICAL ANALYSIS

CRACKED KEROGEN /p32)
SAMPLE HEATED TO g00'c

FID RESPONSE

RETENTION TIME 15 20 25 30 38 40 48 50

Figure 4: Alaskan o0il shale heated to 600 C.

A second application of this instrument is in the field
of synthetic polymer analysis. Residual solvent analysis,
polymer identification and structural determinations are all
possibilities. Figure 5 displays a 10 mg. sample of
polystyrene which was heated to 300°. The chromatogram
shows primarily solvents used in the processing of this"
polymer and especially residual styrene monomer.

DYNAMIC HEADSPACE OF POLYSTYRENE AT 300 C

STYRENE MONOMER

M

Figure 5: Polystyrene heated to 300 C for 10 minutes.
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After residual solvent analysis, a portion of the
residue (approximately 500 micrograms) was pyrolyzed at 750°C
for 10 seconds. Figure 6 shows the results of this
procedure. Styrene monomer, dimer and trimer are all
products of this thermal treatment.

POLYSTYRENE

780 C FOR 10 SECONDS

Figure 6: Pyrolysis/GC analysis of polystyrene at 750 C.

Finally, the most complex type of analysis involves
composite materials which contain many components of varying
volatilities. Cosmetics are a group of materials which fit
ideally into this category. Mascara samples frequently
contain solvents, pigments, polymers and inorganics which can
hinder the analysis. A mascara sample was heated to 300°C
and then pyrolyzed at 700°% for 10 seconds. The solvent
analysis of the mascara sample is shown in figure 7. This
chromatogram reveals solvents and the black pigments used in
this commercial product. Subsequent pyrolysis of the
residue, figure 8, shows the presence of an acrylate polymer
which was identified as polymethylmethacrylate.
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MASCARA B
DYNAMIC HEADSPACE ANALYSIS

300 C FOR 10 MINUTES

RETENTION TIMEIO 20 30min.

Figure 7: Dynamic headspace of mascara at 300 C.

PYROLYSIS OF MASCARA B
780°C FOR 10 SECONDS
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Figure 8: Pyrolysis/GC analysis of mascara residue.

Conclusions

The analytical system described in this paper proves to
be versatile instrument for the thermal processing of a
diverse range of samples. Due to the trapping capabilities
of the system, several temperature dependent fractions can be
collected an subsequently analyzed by GC, GC/MS or GC/FT-IR.
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The development of composite materials and the appearance of new applications in the acrospace and automotive
industries have revived interest in high performance organic polymers, identified as possible matrices for fiber/polymers
composites. Polyarylethers, which were some of the first commercialized plastics, are among the polymers being consid-

ered. They form a class of polymers that are tough, have a high softening temp and maintain their mech 1
propetties for extended periods of time at temperatures over 150°C [1,2,3].
Sulfone-containing polyarylethers generally include one or more ic rings linked together by ether and sul-

fone groups. One class of these polymers also contains isopropylidene linkages. The nature and proportions of the differ-
ent linkages determine the physical properties of each polymer. Herein we focus attention on polymers with pheny! ether
(Ph-O-Ph) and phenyl sulfone (Ph-SO2-Ph) bonds; we will consider polymers containing the propylidene linkage in a
follow-up paper.

The thermoplastic behavior of polyarylethersulfones makes them very attractive for injection molding, forming,
pultrusion and other manufacturing techniques in which the raw material is softened by heating in order to be processed.
Due to their high softening temperature (glass transition temperature > 195°C), these polymers require processing tem-
peratures of 350 to 400°C. At these temperatures, the chemical bonds within the macromolecules are thermally labile,
which can lead to changes in the structure of the polymer. Structural changes can also occur when the polymers are main-
tained at high operational temperatwres (150 to 200°C) for an extended period of time.

The foregoing manufacturing and operational issues have motivated studies of the thermal behavior of the
polyarylethersulfones since the early stages of develop and elucidation of the hanism of degradation has been
pursued. The literature in this area is largely experimental and suggests that the thermal decomposition chemistry can
cause topological changes leading to altered polymer properties, such as the formation of a gel from a linear polymer.
This literature motivated the present work aimed at the development of a molecutar model of polymer reaction and diffu-
sion using our recently formulated Monte Carlo approach to the simulation of the reaction of macromolecules.

Most of the experimental work on thermal and radiolytic stability has recently been reviewed by Verma [1]. As
is evident in the literature, there is no objective measure of the thermal stability of polyarylethersulfones. If the maxi-
mum decomposition temperature is the important parameter, polymers align in the order of increasing stability in one
way [5,6,7]. On the other hand, if gel formation is to be avoided (e.g. during injection molding), then stability is ordered
in another way [6]. Thus, thermal or radiative stability must be considered in relation to one or more of the polymer's
properties when exposed to heat or radiation.

The properties of interest are directly linked to the applications for which the polymers are intended. Polymers
may have good stability for certain applications while performing poorly in others. For example, a polymer with a high
degradation temperature may exhibit rapid gel formation at processing temperature. The following have been used as a
measure of thermal stability: lowest degradation lemperature and weight p loss in or in air obtained from
TGA analysis (5,6,7,10,11,16,17], gel and gas formation [6,7,8,10,11,12,13,18], intrinsic and limiting viscosity of the
sol fraction (8,9,10,18,12,13,15], modulus [9], tensile flexural strength [9,13,15] and molecular weight distribution of
sol fraction {14,20,21). Some properties studied in the literature have no direct link to properties necessary for use or
‘manufacturing, but provide clues towards the determination of the underlying phenomena. They include optical density
[19), infrared and nmr spectra (6,10,17,18,20] and bond scission and crosslinking rates (8,9].

1 Amoco Performance Products, Inc., Research & Development Center, 4500 McGinnis Ferry Rd., Alpharetta, GA
30202-3944,

647



The behavior of the polymer depends not only on its chemical composition but on the physical structure as
well. Only one recent publication by Nakron and coworkers [19) addresses the influence of initial molecular weight dis-
tributions on the thermal reaction of polyarylethersulfones. They show marked differences in the optical densities and
oxygen uptake in the degradation of different molecular weight fractions of the chemically identical polyarylethersulfones.

Also, Brown et al. [13] have shown large difT in the gel fi ion during radiolitic degradation of polyarylethersul-
fones when the reaction temperature is above and below the glass transition temperature.

This explicit relationship between reactivity and structure has prompted the development of the present molecu-
lar mode! of polymer degradation. This model, which incorporates fundamental information conceming the reaction of the
polymers' reactive moieties and mobility of the polymer segment, explicitly links the structure of the system to its reac-
tivity and reaction path. The model consists of a Monte Carlo simulation, within a percolation grid, of reaction and seg-
mental mobility of polymer chains.

The framework for this model is the underlying basic chemistry on which it rests. We present the development
of the model in two parts. Part 1, the p ipt, deli the controlling elementary steps of pyrolysis. These
are assembled into a prediction of the reactivity of a model polysulfone in Part 2, when the mechanics of the Monte
Carlo simulation of structure, reaction, and diffusion are presented.

Thus our present focus is on basic chemistry. What follows is a result of a thorough review of not only the
polyarylethersulfone literature but also the physical and organic chemistry literature of the reactions of polyarylethersul-
fone-related moieties. Qur objective was to discem reaction pathways and kinetics parameters. The former would provide
Monte Carlo allowable "transitions” while the latter would provide transition probabilities.

THE THERMAL CHEMISTRY OF POLYETHERSULFONE SYSTEMS

The thermal degradation of polyarylethersulfones was postulated in the original study by Hale et al.[7] to be free
radical in nature. This has been probed since in numerous thermal and radiative degradation studies with different formula-
tions of related polyarylethersulfones [4,6,8,10,21]. An important publication by Lyons et al. [22] on the radiative effects
on polyarylethersulfones and related model compounds confirmed such an assumption by identifying the presence of sev-
eral free radicals during ESR monitoring of the rux:i.iun.

Although they formulated the main hyr hesis behind the d dation namely that the "weaker™ link
breaks and generates radicals, Hale et al. (7] did not account for crosslmkmg reacuons Their study reports thermal gravi-
metric experiments that mask the extent of the structural changes occurring in the melt. Their proposed mechanism in-
cludes only bond breaking through initiation and bond forming through termination.

Davis {8] was the first to obtain explicit evidence of crosslinking reactions by measuring the gel fraction in the
reaction products as a function of time. The experimental curve was similar to the gelation results obtained during
copolymerization of polyfunctional mc [44]. He luded that crosslinking must occur by addition of polymer
radicals to other polymer chains, but did not advance a mechanism for such a process.

A mechanism for crosslinking, involving cycl yl-type radicals observed by Lyons et al. {22], was later
proposed by Danilina et al. [6]). 1t involves the addition of phenyl radlcals produced by initiation, to the benzene rings in
the polymer chains, followed by elimination of hydrogen atoms. More recent publications by Narkon et al. {18] and
Kuroda et al. {21] calculate crosslinking and bond scission rates from experimental results, using the Charlesby method
for the former and their own novel method for the latter. Their calculations, however, do not take into account the nature
of the crosslinking process and only schematic mechanisms of reaction are presented.

It is clear from the literature that Ily significant ions involved in the radical chains include not only
initiation and termination reactions, but also addition steps that can lead to crosslinking. Herein, we reduce the enormous
complexity of these types of reactions via their organization into reaction families. Reactions involving radicals are
classified into three main groups :

- Initiation reactions, which create radicals from stable molecules;
- Propagation reactions, in which the number of radicals is conserved;
- Temmination reactions, which consume radicals.

INITIATION REACTIONS

Hale [7] first proposed that the scission of the "weaker" bonds were responsible for the generation of radicals.
Bond dissociation energies identify the carbon-sulfur bond (66 kcal/mole) in the sulfone group.
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Although the nature of the initiation has been widely pted, the mechani: ins a subject of discussion.

The dominant view, proposed by Hale et al. [7], consist of a two step initiation mechanism, where the carbon-sulfur
bond breaks to produce a phenyl radical and a sulfonyl radical. The Ph-SO,+ radical can further decompose to Ph» and
502 or react with other molecules. This view is shared by Lyons et al. in their radiation damage studied, but no conclu-
sive evidence has been provided in the literature [22].

Ayscough [23] proposed a concerted mechanism in which simull us cl ge of adjacent carbon-sulfur bonds
occurs.

The fission to Phe and Ph- -S0,+ described abovg occurs with logjgAg (s'l) 15 and an activation energy equal
1o the dissociation energy, of the carbon-sulfur bond, E, = 65 kcal/Mole. For reaction of Ph-SO,« to Ph+ and SO,, -
logjgAg () 1 =15and Ez— 45 kcal/Mole is equal to the enthalpy of reaction, for the unimolecular decomposnuonT

The phenyl radicals produced in the initiation steps can either terminate or react with other molecules generating
new radicals, which propagate a pseudo kinetic chain. The list of possible radicals participating in radical-molecule reac-
tions is limited to He , Phe, R-O+, R-SO4¢, Cyclohexadienyl radicals, cycloh yl radicals and cyclohexyl radicals.

PROPAGATION REACTIONS

Three types of propagation reactions are present in the degradation mechanism: Addition of a radical to benzene
rings and double bonds; elimination or B-scission; and hydrogen abstraction by a radical from a stable molecule. We con-
sider each in tumn. .

Addition Reactions

The work of Danilina et al. [6] suggest that addition reactions to the polymer’s benzene ring is the vehicle for
crosslinking. Radicals can add to a substituted benzene ring to yield a substituted cyclohexadienyl radical.

These reactions are very fast when the attacking radical is a phenyl radical [24,27,29,30,31,32,34,35,36,39] or a
hydrogen atom [25,26,28,37,38]. In the case of pheny! radicals, at 450°C the addition to a benzene ring is 40 times faster
that abstraction of hydrogen by the radical from benzene.

Rate constants for addition of hydrogen atoms and phenyl radicals to substituted benzenes have been reported in
the synthetic organic chemistry literature{24-39). Jansen (27] provides a value of 7.8 X 10% M1 571 for the rate constant
of addition of phenyl radicals to b Pryor [25] esti d the rate constant for addition of hydmgcn to benzene at 107
Mlsia 35°C '111e activation energy for the latter reaction is known to be 3.8 kcal/mole [24,26,37], which implies a
logpA (M s ) = 11.7. Modelling the transition state for the addition of phenyl radicals provides an estimate of
log) pAM” lg 1) = 7.7. Combined with the reported rate constant, the activation energy is calculated at E*= 3.83
kcal/moles. This value is very close to the hydrogen value and is consistent with the energetics of the reaction; the esti-
mated enthalpy of reaction for hydrogen and phenyl additions are essentially equal at AH“g = -24.9 kcal/moles and 25.1
kcal/mole respectively [25,26].

For all other radicals, the rate constant for addition, in its Arrhenius form, has been estimated from an Evans-
Polanyi relationship relating acuvauon energies to heats of reaction. The Evans-Polanyi relationship was used to esti-
mate activation energies (E* = E o+oA R for exothermic reactions and E* =E o+ (l-a) AHR for endothermic reac-
tions).

AHOR is the enthalpy of reaction, E‘O =163 keal M’! ,and a = 0.56. AHp, is calculated from the heat of for-
mation of reactant and products determined from hv.emtum information or group additivity [41]. Estimated heats of forma-
tion are summarized in Table 1. The parameters E 0 &nd o were determined from the values of the activation energies for
the addition of phenyl radicals and the addition of cyclohexadienyl radicals [27,42]. This procedure is described in detail
elsewhere.

The pre-expc ial factors are as: d to be 5x107 M1 s'l, equal to the one for pheny] radical addition.

The rate constant for addition can also be affected by electronic effects due to the presence of substituents on the
reactant molecules. This is particularly true for addition at different positions in substituted benzenes. According to the
extensive literature on radical addition to substituted benzene rings [25-39], neutral radicals, such as phenyl radicals, pref-
erentially add to the benzene ring at non-substituted positions. The reasons for such behavior are unclear, A possible ex-

1 The heat of formation of the sulfonyl radical was calculated from the heat of formation of dipheny! sulfone, AHp=.
30.98 Kcal/Mole, and the bond dissociation energy of the C-S bond. Substi effects, g d by the cther linkages
at the para position to the sulfone linkage, have been neglected here.
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planation is that for large radicals, the substituent may present an important steric hindrance to ipso-substitution reac-
tions. Because of their size, small hydrogen atoms are assumed to be an exception and are aliowed in our reaction scheme
to substitute at occupied positions on a benzene ring. For any of the electro-neutral radicals that participate in the reaction
mechanism, including the hydrogen atom, the preferred position for addition is ortho to a substituent, followed by the
para position and, finally, the usually much less reactive meta position [24,29]. The relative selectivity toward each posi-
tion is infl d by the el ic characteristics (electron donating or electron withdrawing) of the substituent and the
attacking radical [24,29,31].

As an example, the rate constant for addition of a phenyl radical at an ortho position from an NO, group is 9
times greater than the rate of addition of the same radical on an unsubstituted benzene [24). Values of the estimated rela-
tive activation energy and rate constant for addition of phenyl radicals, at 425°C, at every position of a substituted ben-
zene 10 the rate constant of addition Lo any position in an bstituted b are ized in Table 2 for all the
possible substituents in the polymer systems considered in this work. Similar studies with other radicals show qualita-
tively the same results, for electro-neutral radicals {24,29,39]. Quantitatively, the values reported show a stronger influ-
ence of the substituents present on the neutral molecule rather than of the nature of the attacking radical. Consequently,
the ratios reported in Table 2 are assumed 10 be the same for all other radicals present during polysulfone degradation.

An analogous reaction is the addition of radicals to the double bonds of cyclohexadiene and cycloh which
are not present in the ariginal polymer but can be formed during reaction. Additions to double bonds are similar in nature
to the addition to benzenes and consequently the same Evans-Polanyi relation was used to estimate activation energies.

Elimination Reactions.

The reverse reaction to additions are eliminations reactions. They are fi-scission reactions in which hydrogen or a
substituent are elimirllstcd. The pre-exponential factors for these reactions were estimated at 5x10°~ when hydrogen is
eliminated and 5x10
the activation energy of the reverse addition reaction (from section IV.2.2.1), and the heat of reaction AHg, E p= Ep-
AHp, , already determined from Table 1.

Hydrogen Abstraction

The last family of radical-molecule reactions is hydrogen abstraction from a stable molecule by any of the radi-
cals. There is very little easily extractable hydrogen in the initial polymer. When the benzyl hydrogen is the one ex-
changed in this reaction, the rate for the fastest abstraction (by phenyl radicals or Hs) is already several orders of magni-
tude slower then that for addition to the benzene ring. The only easily abstractable hydrogen in the initial polyethersul-
fone systems is the phenoxy-H. As the reaction progresses, however, more-saturated cyclohexadienes, cyclohexenes and
cyclohexene, as well as a higher number of hydroxy and possible -SO,H groups form and bring an extra source of ab-
stractable hydrogen.

The pre-exponential factor for these reactions was estimated from modelling the transition state at 10100151
when R+ = He and 108 M~15-1 otherwise. It is comparable with literature values [43). The activation energy was calcu-
lated using the Evans-Polanyi relation.

In this case, AHp = df 1, - dp. 1. The bond energies dp ¢ and dp. p; were found in the litezature. [(56)] or es-
timated from group contribution methods. They are summarized in Table 3.

TERMINATION REACTIONS

Radical-radical reactions consume two radical chain carriers. These very fast reactions are responsible for the ter-
mination of the kinetic chain. They have kinetics implications, b they eliminate the chain carriers from the reac-
tion mixture, and also structural implications, because they can create bonds.

Recombination Reactions

Recombination of two radicals is the simplest case of termination. Recombination is assumed to be non-acti-
vated and with log; oA (M'l s'l) = 10 when R or R, are hydrogen atoms and log pA ('M‘l s‘l) =9 M1 "1 giherwise.
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Recombination reactions produce an i in lar weight but can only be responsible for crosslinking

when one of the terminating radicals is a central radical in the polymer chain, such as a phenyl or cyclohexadienyl radical
linked to two other benzene rings.

. Disproportionation Reactions

Disproportionation reactions can occur, in competition with recombination, when one of the radicals has a do-
natable hydrogen at the o position. This is the case for cyclohexadienyl, cycloh yl or cyclohexyl radicals. From
product yields reported in lit [24,26), the rate constant for disproportionation appears to be 3 times smaller than the
one for recombination.

SUMMARY

The observed chemistry is the combination of these simultaneous reactions. Their quantitative contributions to
the degradation process is a function of their relative rates and their structural significance in the complex mechanism of
reaction. The model developed in the following sections incorporates the complete set of elementary steps into a quantita-
tive molecular representation of the polymeric melt. We conclude here with a more quantitative description of the kineti-
cally and structurally significant chemistry.

The thermal reaction begins by fission of the weak Ph-SO2-Ph bond. The net result is u&:: formation of SO2 gas
and two polymeric phenyl radicals.

The phenyl radicals begin the propagation steps. Phenyl radical addition to a benzene ring affords a substituted
cyclohexadienyl (CHD) radical, the key intermediate in the overall chemistry. The CHD radical can add to a neighboring
b ring, ing a link and a different CHD radical. The CHD radical can also revert to the original phenyl rad-
ical and benzene ring, or eliminate a substituent as a radical that can continue the propagation cycle. The CHD radical can
also terminate which, when by recombination, will generally lead to another crosslink.

The complexity of this system is that at least seven (7) different radicals can participate in this chemistry.
Moreover, the importance of a given reaction depends on whether the radical is at the terminus, or interior of a linear
chain, a free low molecular weight radical, or part of a crosslinked polymeric arm. This motivates the use of structure-ex-
plicit computer models to track the reaction rates and structural significance. This is the topic of our companion paper to
follow.
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Table 2. Substituent Effects for Phenyl Radical Addition to Substituted Benzenes

Substituents T Ortho Meta Para
-802-t 2.3 1.0 2.1
-Q-ft 1.2 1.0 1.1
Othersttt 1.0 1.0 1.0

fReacLivity towards -SO,- substituted benzenes was estimated from values for NO, substituted benzenes.
t Reactivity towards -O- substituted benzenes was estimated from values from -O-CH; substituted benzenes.
1 Estimated from the values for saturated hydrocarbon.
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Thermal Degradation of Poly(arylether sulfones)
2. Monte Carlo Simulation of
Polymer Structure, Reaction, and Diffusion

C. Libanati, C. LaMarca, M. T. Klein', S. M. Andrewsl,
and R. J. Cotterl

Center for Catalytic Science and Technology
Department of Chemical Engineering
University of Delaware
Newark, DE 19716

keywords: polymer, pyrolysis, modelling

INTRODUCTION

Sulfone-containing polyarylethers generally include one or more aromatic rings linked together by ether and
sulfone groups. One class of these polymers also contains 1sopropyhdene linkages. They form a class of polymers that
are tough, have a high softening temperature, and maintzin their d prop for d periods of time.

The neat poly(arylether sulfones) are softened by heating for processing. The literature [38] suggests that some
of the challenges to this processing are engendered by the valuable properties of the polymers themselves. The same’
desirable high temperatwre sofiening point for end-use applications is also high enough that some thermal degradation
can occur during front-end processing. This can lead to gas evolution and viscosity i the latter p bly owing
to the formation of a gel.

These literature reports motivated the present work aimed at applying our previously developed reaction
modelling technique using Monte Carlo simulation to the reactions of poly(arylether sulfones). The particular appeal
was that the literature suggested the thermal reactions have structura! implications (e.g., gel formation), and our Monte
Carlo technique is structurally explicit. There thus appeared to be a good match.

Our model therefore sought an explicit link among polymer structure, reactivity and properties. The link
between polymer structure and reactivity was formed by basing the reaction pathways and kinetics on model compound
chemistry. Part 1 of this series described the elementary steps modelled to control the thermal degradation of
poly(arylether sulfones). The link between the thus-changing polymer structure and properties was established by
phrasing the model in terms of a three-dimensional lattice, on which lattice sites represented monomer units and lattice
site connections represented bonds. Polymer diffusion on this lattice was described by the movement of monomers to
adjacent empty lattice sites. Polymer reaction was described by the destruction or formation of bonds between lattice
sites, the nature and probabilities of which being described by model compound pathways and kinetics.

This percolation model of gelation allowed determination of gel, sol and gas fractions as a function of reaction
time. Other relationships or models linking properties of the material to its structure (e.g., viscosity from molecular
weight distribution or modulus from number of crosslinks and degree of polymcrizaﬁon between crosslinks) can be used
to determine the adequacy of the polymer to the application for which it is intended.

The input to the model consists of the chemical and physical structure of lhe polymer of interest, an assumed
mechanism of segmental mobility and associated transport c¢ and the p d mechanism of thermal reaction
and its associated rate constants, The output is a prediction of the structure and chemical identity of the system asa
function of time. Because Lhe model describes the system at the molecular level, at which all polymers share structure
and chemistry, the sil such as reaction and transport time constants, are independent of the system
modelled, and can be determined from other sources such as experiments with model compounds. Thus this model is
envisioned as a tool for the understanding of the underlying fundamentals and for the determination and design of
optimal systems.

Although models have been frequently used to improve qualitative understanding, any significant quantitative
use of a model's prediction is achieved through comparison with laboratory experimental results. However, the lack of
precise characierization of the starting material renders difficult quantitative comparisons between experimental swdies
and simulation results, especially when the polymers studied were synthesized for a particular study. In particular, a
frequent omission in the studies reported in the literature is the molecular weight distribution of the original polymers
studied. For the purpose of obtaining pertinent experimental data, we have developed our own experimental procedure
which will be reported upon in a follow-up paper. Herein we focus on only the development and operation of the Monte

1 Amoco Performance Products,Inc., 4500 McGinnis Ferry Rd., Alpheretta, GA 30202-3944.
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Carlo simulation of polymer degradation. We begin by considering the basic issue of gelation, which coptrols the
present structure-property link sought,

GELATION AND PERCOLATION.

Part 1 described the basic chemistry of poly(arylether sulfone) degradation. Occurring in the polymer, these
elementary steps have structural significance. We need to account for more than just the net bond formation/bond
breaking; we need to account for crosslinking and longer-range connectivity. This requires a model of the gelation |
process. Gelation involves the formation of indefinitely large polymer structure, which will extend through the volume . !
of the polymer sample and, on the molecular scale, may be considered essentially infinite.

Gelation is always the result of crosslinking. Its main characteristic is the existence of a gelation point or
threshold. This point is akin to the critical point in thermodynamics. As conversion increases during the polymerization
of a system containing multi-functional monomers, a point is reached where the system suddenly changes from a
viscous homogeneous fluid to a two-phase system, containing an insoluble cluster, the gel, and a soluble portion, the
sol {1-8,11, 12,20]. The existence of a gelation point has also been demonstrated in systems where initial constituents
are not monomers but linear polymers {1,9-16 ).

Models of gelation address the connectivity of the system. An early analytical model was developed by Flory
and Stockmayer [1,11,12]. Their approach is based on three main assumptions: functional groups react independently of
one another; identical functional groups have the same reactivity; no intramolecular reactions occur. Also, any
functional group can react with any other functional group, independent of position, and excluded volume effects are
neglected. .

Based on these assumptions, the system can be represented as a Bethe lattice [5] of functionality equal to the
functionality of the monomers. A statistical analysis on this network provides information on the size of the clusters
and the connectivity of the monomers as a function of conversion, p being defined as the number of bonds formed over
the total number of possible bonds. This approach correctly describes the gelation transition and the critical conversion
value p,, for the existence of an infinite cluster, calculated as p = 1/(f-1), for monomer of functionality f [1]. The same
approach has also been used to describe the crosslinking of linear polymer chains in the vulcanization of rubber
[9,10,13-16).

The assumptions stated earlier limit the quantitative use of the analytical approach to but a handful of simple
systems. For instance, neglecting intramolecular reaction is probably unreasonable when the initial condition is a set of
large linear molecules rather than a collection of monomers. Also, excluded volume effects become important as the
reaclion proceeds, generating isolated sites, and the equal accessibility rule breaks down in strongly transport-limited
systems. Percolation models of gelation are considered to account for the deficiencies of the analytical approach.

The central concept in percolation is the discrete description of space. Space is spanned by a lattice of
dimensionality N. The lattice sites can be occupied by monomers, and are connected to neighboring sites by a certain
number f of bonds, corresponding to the functionality of the monomers. It can be noted here that the Flory-Stockmayer
approach is equivalent to a percolation of infinite dimensionality.

Percolation models are usvally implemented numerically and grids of finite size are used to describe a
representative fraction of the system. The boundaries of the grid are then considered to be periodic. In these instances,
gelation is attained when percolation occurs. In other wards, a cluster becomes infinite when it spans the length of the
lattice. Based on the state of the lattice a slate of statistical quantities, regarding the composition of the sysiem, can be
calculated. The reaction network and kinetics determine the rules by which bonds are formed, linking p to reaction time.

In the case of poly(arylether sulfone) degradation, crosslinking occurs as a consequence of breaking and forming
linkages within an initially linear polymeric system. The grid percolation models offer the advantage, over the analytical
model, of describing the physical and chemical environment of a A reactive intermediate has a certain number
of nearest neighbors with which it can react. Therefare, reactions can be considered at the elementary step level, where
bond breaking and bond forming occur. These were presented in Part 1 and can be organized, from a topological point of
view, into (hree main classes:

Bond-breaking reactions: Initiations and eliminations from cyclohexadienyl, cyclohexyl or
cyclohexeny! radicals.

Bond-forming reactions: Additions and terminations.

"Bond-neutral” reactions : Hydrogen abstractions and disproportionations.

In the next section, the Monte Carlo simulation of poly(arylether sulfone) degradation is presented, using a
three-dimensional square-grid percolation model that incorporates the entire set of elementary steps described earlier.

MONTE CARLO MODEL DEVELOPMENT.

The Monie Carlo simulation of degradation of poly(arylether sulfones) is summarized in terms of major
modules of the overall simulation scheme. The initial polymer configuration is constructed from structural information.
Once an original configuration is determined, radicals are generated within the grid using an event-space algorithm. The
time; and nature of the initiating event (initiation reaction or diffusion into the lattice) are calculated. The new state of
the system is determined, and time is updated (time =time + ;). Once radicals are present in the lattice, polymer
segments are moved, and all radicals present are tested for reaction with their environment during a fixed time interval
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At If, after that time interval, radicals are still present in the lattice, the total time is updated (time = time + At), and
the previous step is repeated. If, on the contrary, all radicals have disappeared from the lattice (via termination or by
diffusing out through a grid boundary), new radicals are generated within the lattice. Then time is updated and the same
movement/reaction process described above is repeated. Results are stored at desired reaction times. Once the final
reaction time is reached, a new initial configuration is g d for each subseq| run. The results of all runs are

averaged to yield statistically significant quantities.

The following subsections present in detail the features of each unit of the overall simulation, starting with the
simulation of structure, including the initial configuration and the dynamic simulation of structure, followed by
simulation of initiation and propagation reactions. The mechanics of the program developed are detailed elsewhere [39].

SIMULATION OF STRUCTURE

The polymeric melt is rep d by a three di ional square grid of dimension N x N x N. Polymer chains
are represented by monomers occupying grid sites connected by bonds. Each grid site has six nearest neighbors with
which to interact through linkages or reaction. This representation of the system allows the description of the chemical
environment of each site, as well as the global connectivity of the system. It also allows for spaual movement of the
monomers, from site to site according to specified rules, to account for dxffus:on.

In poly(arylether sulfone) systems, the grid sites rep db rings, and the bonds represent
the linkages between aromatic units. For the system considered here, these bonds are sulfonyl linkages, ether linkages or
carbon-carbon bonds (arising from thermal reaction).

Initial configuration

The initial configuration of the system is determined by randomly placing molecules in the grid. Polymer
molecules are initially linear. They are represented by self-avoiding random walks in the cubic lattice [1,20,17-19,21].
The degree of polymerization (chain length) of each molecule is randomly chosen from the initial degree of
polymerization distribution. The molecule is then placed in the percolation grid, by placing monomers one by one,
until the pre-determined length is attained. Where structure is concerned, the boundaries of the grid are periodic. This
means that a polymer chain that exits the grid through one face reenters it through the opposite face. This procedure is
repeated with new polymer chains until a fraction of the lattice, corresponding to the polymer's density, is filled.

In order to calculate the occupied fraction of the grid, the Van der Waals volume of the polymer, estimated by
optimizing the structure of the polymer's building blocks (in this case diphenylsulfone and diphenyl ether), was
compared with the total volume of the laitice, assumed to be the total volume occupied by the polymer. The estimation
of the polymer molecular volume was achicved by optimizing structure using extended Hilckel molecular orbital
calculations. The occupied fraction was obtained by dividing the molar Van der Waals volume of the polymer’s building
block by the molar density of the polymer. In the case of poly(arylether sulfone), the density is 1.06 g/cc, and an
average volume of diphenylsulfone and diphenylether was estimated at 130 A3, The occupied fraction in this case is
75%.

The initial polymer configuration gives the complete connectivity of the polymeric melt, the free volume that
will allow polymer movement and the chemical identity of each lattice site and bond. Reaction and movement of
polymer units can then be explicitly addressed at the molecular level.

Dynamic structure simulation,

The transport ch istics of the medium in which radical reactions occur have a strong influence on
pathways and kinetics. The radical reactions involved in the degradation mechanism are very fast. Fast reactions have
been shown to be affected by the ability of the reactant to move [22-24,28,30,32-36). The time scale of these reactions
is often comparable to that for molecular movement, especially in restricted systems like polymer melts. Also, the
connectivity of the network can affect or be affected by transport limitations, as is apparent in the work of Brown in the
radiolitic degradation of poly(arylether sulfone) at temperatures above and below the glass transition temperawre [22). It
is therefore important to introduce mechanisms that account for the movement of the monomers.

The approach taken follows the idea thata polymer molecule diffuses through the movement of its smaller
segments, in a wormlike fashion (39]. In simulation, a of mo equal to the number of monomers
present in the medium, are attempted in a time step At. Since the CPU requirement to move every possible segment in
the system becomes prohibitively large with grid size, only polymer segments within three lattice sites of a given
radical were moved in one step. This local diffusion model captured the environment about a reactive site while still
allowing reasonable computational demand. The model has been described in detail elsewhere [39).

Simulatlon of Reaction

Reactions are simulated according to the stochastic algorithm described elsewhere [39]. Two classes of events
are dx'su'nguished The initiation events, creating active centers (radicals) within the lattice, and propagation events,
carrying the radical chain reactions.

Initiation Events. Radicals rt‘.sponsxble for the degradation of poly(arylether sulfonc) are formed in initiation
reactions. The sulfonyl linkages break to give two radicals, a phenyl radical and a sulfonyl radical. These radicals can
propagate the reaction by interacting with stable monomers, or they can terminate.



An event-space algorithm is used to generate radicals. The initiation possibilities include ﬁe breaking of any of
the N502 sulfonyl linkages present in the latiice. Each one of them represents an event that can happen with rate

constant ki;.,. However, due to the finite size of the grid, an extra initiation event was included: radicals generated

elsewhere in the melt and outside of the lattice were allowed to diffuse into the grid. The necessity for such an event was
prompted by the relative values of initiation and termination rate cc Rate cc for initiation are usually
orders of magnitude smatler than those for propagation reactions and up to 1015 times smaller than termination rate
constants. Concentrations of radicals in this system are of the order of 10™°-10" 10 t;mes the concentration of initiating
linkages. Memory availability and CPU requirement limit grid sizes to values well below the 108 sites necessary (o
imul p ive sample of polymer melt. This means that periodic boundary conditions cannot be applied
regarding the movement of radical intermediates. 1f a radical moves out of the percolation grid, it disappears. Having it
reenter the grid through the opposing face would anificially increase the concentration of radicals. Including this second
(transport) component to the "initiation” or generation of radicals involved the evaluation of the rate of "diffusion” of
radicals into the lattice. This was accomplished by calculating the number of radicals that will cross the lattice
boundaries inwards per unit time. A radical will move a distance equal to one lattice unit in an average time
t=nl? /16 D, where D is the effective diffusion coefficient and 1 is the size of a lattice unit. There are 6
neighboring sites to which the radical can move. If a radical is positioned one latiice site outside the lattice boundary,
only one of its neighboring sites is part of the lattice. Thus, on average, 1/6 of the radicals in those positions will
move into the lattice. The number of radicals diffusing into the lattice per unit time is then 4 = CagxV/6r,

where C_, 4 is the global concentration of radicals in the melt and V =6 (N l)2 is the volume represented by a slab one-
lattice-site thick around the outside of the lattice boundaries, Estimations of Crag and D were required in order to
calculate np,q . -

The effective diffusion coefficient of radicals is a result of the combined effect of the mobility of polymer
chains and segments and the reaction of radicals with occupied neighboring sites. The diffusing species is the radical
reaclive center and can move from molecule to molecule by reaction. This means that a radical center can "diffuse” even
when the molecules bearing it are fixed.

‘The effective diffusion coefficient was therefore related not only 1o the physical characteristics of the system,
through its transport properties (i.e. viscosity, molecular weight, crosslinks) but to its chemical structure as well. It
was evaluated by placing a radical in the center of the reactive lattice and performing the simulation disabling initiation
and termination chemistry. The average distance travelled, d, by the radicals in a time ¢ = 1 sccond was recorded, and the

diffusion coefficient was calculated by assuming the radical performed a random walk. In such a case, D=n d 2 /16t

or? J6¢t.

Finally, the evaluation of the rate of radicals diffusing into the lattice requires the knowledge of Crag- the
globat concentration of radicals in the melt. The theary of reactions in solution as well as the pseudo-steady state
approximation were applied to evaluate Cy,  a priori, as described in detail elsewhere (391.

The final result is shown in Eq. 1, where [SO2] is the concentration of unreacted SO linkages.

Kinitk 12
Cmd:(i}i;d,; (-5051 ) o

The rate of dif fusion of radicals into the lattice was thereby determined as a function of the physical and
chemical characteristics of the real system and of the simulation parameters (i.e. grid size).

An event-space simulation is performed to calculate the time and nature of the next initiation event. The list of
possible events includes the scission of any of the Nso2 sulfonyl linkages and the diffusion of a radical into the lattice.

The total rate constant for radical generation is then I:,,g = N502 Kipjt + Npag- The time interval between the present time

and the next event, 1, is determined according to the algorithm described elsewhere [36]. A random number, RN, is then
drawn to determine which event occurred. If RN < Nso2 Kinit / lg.g a sulfonyl linkage, chosen at random, breaks,

generating two radicals. Otherwise, an occupied position selected at random on the lattice boundary is modified 1o
become a radical (i.e. if the occupied position is a benzene ring, it is changed to a phenyl radical or a cyclohexadienyl
radical, or to a phenoxy radical if it has phenoxy substituents), to represent the generation of an active center via
diffusion. The reaction time was at this point updated by adding t to the current time.

Once reactive intermediates appeared in the lattice they could undergo a series of faster radical-molecule, radical-
radical or B-scission reactions. ,

i ions. Propagation reactions can be strongly affected by segmental mobility. A fixed ime step
approach {37, 39} was used to simulate the reactions of radicals with their environment. A radical can react with any of
its nearest neighbors to which it is not connected. :

In the general case n reactions will be possible for a given radical. The probability for reaction i to
occur is given by Equation (2):
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p;= ?kj(l—exp(—.zl k; m)) @

The possible transitions and their associated probabilities are computed accarding to the environment of the
radical and the energetics of elementary steps listed in Part 1. However, for bimolecular reactions, the reactants must
come within one Lattice unit of each other before they can react. Following the "reactions in solution” formalism, it is
justified to say that they must form an encc d pair of A:B*¥, for them to react. Chemical transformation of

this pair is best described by a first-order process, the disappearance of the species identified as "an encountered pair of
reactants”. In short, the rate constants of Part 1 and the "reactions in solution” formalism [23,25,28] were reconciled

[391 to determine the transition probability for this first order process. The final result is kfirst Order = vpe /RT = %n

3L ASecond Order ¢"E*/RT, where the second order reaction and that of the encountered pair have the same activation
energy.

To implk the simylation, the ¢ e and nature of a jon was d d through the algorithm for
parallel reactions [37,39]. A random number, RNl, was compared to the probability P; = (l - exp( Z 1 k. Al))

that a radical i reacts. If reaction occurs a second random number determines its nature. The state of the lattice is then
updated, and the random number RN, the rate constant of the reaction that did occur and Z‘l‘ kj are kept in memory.

The same procedure is applied to all the radicals present in the lattice. The formalism of reactions in series [37,39] was
used 10 account for the fact that several reactions in series can occur in At. If radical i reacts in the time interval to yield
another radical (it does not terminate or "escape” from the grid), the new radical is tested for reaction. This procedure is
repeated until no further reaction occurs.

Once all radicals have been checked for reaction in A, the reaction time is updated by adding At to the current
time. A new time step is allowed to pass or new radicals are generated in the lattice depending on the status of the
lattice. When the reaction time reaches predetermined output times, the status of the grid is recorded. Results of several

1+

Markov Chains are ged to yield statistically significant S
OUTPUT OF THE SIMULATION

The simulation results are recorded to allow for comparison with laboratory kinetics experiments. The
compuwr "experiment” is the average of the results of N Markov Chains, for which results were recorded after 0-30
minutes of simulated reaction time.

The output of the simulation izes the detailed chemical structure and connectivity of the polymeric
system as a function of reaction time. The attributes of the system are described in fractions (sol fraction, gel fraction,
fraction of crosslinked monomers), averages (average molecular weight, average number of OH groups per monomer) or
distributions (sol fraction molecular weight distribution, distribution of number of linkages per monomer).

The choice of attributes is often determined by the desired comparison with laboratory experiments, as is the
case for the gel, sol and gas fractions. However, attributes unavailable from laboratory experiments may present
considerable importance in the understanding of the underlying fundamentals. For example, the fraction of crosslinked
monomers can be used to evaluate the validity of the Flory-Stockmayer model assumptions.

'n:e quantities recorded for lhe presem simulations were: distribution of monomer types (benzene rings,
cycloh cycloh cycle ); total ber of linkages; fraction of sulfonyl, ether and biphenyl
linkages; fraction of monomers with one, two, three, and four linkages; gas, sol and gel fractions; number-average and
weight-average molecular weight and degree of polymerization of the sol fraction; sol fraction molecular weight
distribution; gas fraction composition; number of OH gmups per monomer; number of chain ends; number of SOH
groups per monomer; total ber of radical d in the lattice,

Most of the foregoing quantities are determined by simple inspection of the lattice. Determination of gel, sol
and gas fractions from the simulated pyrolysis requires more attention, Experimentally, these fractions are related to the
solubility protocol used: the gas fraction is the portion of the mixture that is volatile at room temperature and one
atmosphere total pressure; the gel fraction is the partion insoluble in a suitable solvent or any molecule unable to pass
through a 5 . micro-fiberglass filter; the sol fraction is the rest of material. The determination of the gel fraction was by
making the conceptual link that the gel fraction corresponded to the portion of polymer that is insoluble in a solvent
that dissolves linear polymers of same chemical compositions, The existence of a gel implies, according to Flory [1],
the presence of an infinite network of crosslinked material.

SIMULATION RESULTS

Model predictions are presented in terms of temporal variation of average swcmml parameters and the yields of
solubility-based product fractions from simulated poly(arylether sulfone) pyrolyses. The results presented here are the
output of the simulation performed on a three-dimensional square grid of dimension 40 x 40 x 40.
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PRODUCT FRACTIONS

The determination of products belonging to the gel fraction, the sol fraction or the gas fraction was made
according to the rules described above. Calculating the weight of each monomer and its associated linkages, summing
these for the gel and sol fractions, and dividing by the total weight of all particles in these two fractions enabled
prediction of the weight yield of the sol and gel fractions from simulated pyrolyses.

Figure 1 presents the temporal variations of the sol and gel product fractions for simulated pyrolysis at 425°C.
The gel fraction shows a general increase with time, and the sol fraction shows the complementary decrease with time.
A small fraction of gel is formed at times < 500 s, but a dramatic increase occurs at 500 s, where the ge! fraction
increases sharply to slightly greater than 20%. This can be qualitatively likened to the existence of a gelation point
which has been reported during experimental polymer pyrolyses. The small f1 ions in the gel fraction prior to the
dramatic increase can be attributed to computational factors. The simulation allows for bond-breaking initiations at all
time steps. Chains already considered to be a part of the gel fraction can undergo chain scission at later reaction stages
and therefore may no longer satisfy the percolation and crosslinking requirements for gelation. The frequency of this
occurring is very small, however, and, in any event, dampens as the number of Markov Chains increases.

The yields of sulfur-containing product gases, H2S and SO», from the simulated pyrolysis are shown in
Figure 2. The percent yield is based on the amount of sulfone linkages contained in the poly(arylether sulfone).
The yield of SO increases linearly with time and reaches an ultimate value of 4% after 1100 s of simulated reaction
time. The percentage of H2S formed is much lower and achieves a value of only 0.1% after 1100 s of reaction time. The
balance of the sulfur would remain in the gel or sol fractiori as SO linkages between monomers.

STRUCTURAL PARAMETERS

The model explicitly monitored the length of each chain (number of monomeric units) and the type and number
of links for each of the monomers. This information could be assembled to specify values of average structural
parameters for the entire polymer or any of its product fractions.

The number average degree of polymerization, x , for the sol product fraction as a function of time is

presented in Figure 3. The value of ; is defined in the simulation as:

— f’ number of chains of degree of polymerizationix i

Xp =

total number of chains
where i=1 would represent one unit in the polymer chain where a unit is taken to be a single benzene-derived ring or, in
simulation terms, one grid point. Note that the value of x, continually decreases, exhibiting a value of 108 at the
initial time and decreasing to an ultimate value of 20 at 1100 s. Chain scission and crosslinking have opposing effects
on the value of x; . However, x; is particularly sensitive to the proportion, by number, of shorter chain lengths, and
therefore exhibits the generally decreasing trend. o

In the region of 500 s, there is a marked decrease in the value of xp, - This is the point when a significant
portion of gel fraction forms and the large, crosslinked chains no longer contribute to the value of _x: for the sol

fraction. The time at which this occurs is simultaneous with the point considered to be the gelation point in the gel
fraction versus time curve presented above. '

The temporal variation of the weight average degree of polymerization, 7; is shown in Figure 4. The

definition of : used in the simulation is :

—_ f’number of chains of degree of polymerization i x i2
Xw =

f’ number of chains of degree of polymerization i x i

The value of x,, , in contrast with the value of X, »increases with time in the initial stages of reaction. The

weight average degree of polymerization is particularly sensitive to the presence of larger chain lengths, and therefore,
the effect of crosslinking dominates over chain scission. The sharpest rise occurs in the region of 450 s followed by a
sharp decline. This corresponds to the region, identified earlier as a gelation point. Here the infinite chains in the gel no
longer contribute to any parameters measured in the sol fraction. In the later stages of reaction, more of the material is
contained in the gel fractions, and the sol fraction is composed of small chains which gives rise to a small ultimate
value of x, .
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All of the results presented are for the reaction at 425°C of a poly(arylether sulfone) with a single initial degree
of polymerization. We are just beginning to use the model to explore other polymers a.nd conditions. The objecl of this

report was to describe and record the approach and methodologies used. The agr model predictions and
experimentally observed l.emporal variations of the yields of product fractions and the values of structural parameters
will be assessed quantitatively in a follow-up communication.

ot o b Dot s
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CONCLUSIONS

. Poly(arylether sulfone) structure, reactions, and diffusion can be described quantitatively in terms of a dynamic

reaction lattice.
Model compound kinetics provide a basis for modelling the bond-breaking and bond-forming reactions of
poly(arylether sulfones).

. Gelation was associated with the attainment of a spanning cluster on the lattice. The gel fraction was sensitive to

the fraction of bonds formed, as in polymerization.

. The model rep a flexible c¢ experiment for testing the influence of processing conditions.
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Figure 1. Temporal variation of gel and sol product fractions at 425°C from simulated poly(arylether sulfone) pyrolysis.
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Figure 2. Temparal variation of sulfur-containing gas fraction at 425°C from simulated poly(arylether sulfone)
pyrolysis.
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Figure 3, Temporal variation of number average degree of polymerization of sol fraction at 425°C from
simulated poly(arylether sulfone) pyrolysis.
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Figure 4. Temporal variation of weight average degree of polymerization of sol fraction at 425°C from
simulated poly(arylether sulfone) pyrolysis.
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INTRODUCTION

Fires kill nearly 10,000 people each year in the U.S. and cause nearly 300,000 injuries and over 6
billion dollars in property damage (1). Consequently, there is a great need for additional research
on fires and fire safety. While non-polymeric materials {e.g., cooking fat) are the main sources of
ignition, natural and synthetic organic polymers are most frequently the materials which are primarily
responsible for the propagation of fires (2). To describe the pyrolytic degradation of a burning
polymer, one needs to know the chemical reactions and rates for the bridge breaking
(depolymerization) and crosslinking (repolymerization) reactions. But these reactions typically occur
within a crosslinked macromolecular network, so their effects in fragmenting the macromolecule must
be treated statistically. In addition, the effects of heat and mass transport within a material
undergoing phase changes (solid to liquid and gas) must also be included. While statistical
methods have been applied to the polymerization processes (3,4), such models have not been as
well developed for the degradation processes, particularly for charring polymers.

This study is based on two techniques, one theoretical and one experimental which have resulted
from research during the past ten years by Advanced Fuel Research, Inc. (AFR) on the pyrolysis of
coal, a natural polymer. This work has led to development of a macromolecular network model to
describe the thermal decomposition of coal (5-10). To develop this model, we have determined the
rates and mechanisms for depolymerization, crosslinking, and the formation of char, tar, and gases.
These processes are imposed upon a sample macromolecular network constructed in a computer,
and Monte Carlo (or Percolation Theory) methods are used to determine the molecular weight of the
network fragments as the population of bonds and crosslinks changes. The model includes a model
for viscosity (melting) based on the molecular weight distribution of the macromolecular fragments.
In addition to predicting the molecular fragments, the evolution of gas species is predicted from the
thermal decomposition of peripheral functional groups in the network. The combined model has
been called the FG-DVC model, which stands for Functional Group - Depolymerization, Vaporization
and Crosslinking model. The FG-DVC model has been validated using literature data and data
obtained in our laboratory (8-10).

The work on coal pyrolysis has also led to the development of a new instrument called the TG-FTIR
which integrates a thermogravimetric analyzer (TGA) with an FT-IR for enhanced gas analysis (11-
13). The TG-FTIR system provides kinetic information on the weight loss and volatile products used
for validation of the FG-DVC model.

The modeling (FG-DVC) and experimental (TG-FTIR) techniques were applied to pyrolysis of phenol-
formaldehyde (P-F) resin, which is an example of a charring polymer. Currently, these types of
polymers present the most difiiculty as far as predicting their behavior in a fire. Charring polymers
are also of increasing importance because they have inherently higher flame retardance properties
than non-charring polymers. The thermal decomposition of P-F has been the subject of numerous
literature studies because of its commercial importance, which also makes it a good candidate for
development of new models and techniques (14-24). Finally, the behavior of P-F is similar to coal
in many respects and it has been used as a model system for coal (25-29).
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EXPERIMENTAL

Apparatus

Details of the TG-FTIR method appear elsewhere (11-13). The apparatus consists of a sample
suspended from a balance in a gas stream within a furnace. As the sample is heated in a helium
flow, the evolving volatile products are carried out of the furnace directly into a 5 cm diameter gas
cell (heated to 150°C) for analysis by FT-IR. The FT-IR can obtain spectra every 0.2 s to determine
quantitatively the evolution rate and composition of several hydrocarbon compounds. The system
‘allows the samPIe to be heated on a pre-programmed temperature profile at rates between 3°C min’

and 100°Cs™ up to a temperature between 20 and 1000°C and held for a specified time. The
system continuously monitors: 1) the time-dependent evolution of the gases (including specific
identification of the individual species such as, CH,, C,H,, C,H,, C,H,, C;H;, benzene, etc,; 2) the
heavy liquid evolution rate and its infrared spectrum with identifiable bands from the functional
groups; and 3) weight of the non-volatile material (residue). An analysis of C,H,N and S in the
residue at the end of the pyrolysis experiment can be obtained by introducing oxygen to burn the
residue and analyzing the combustion products.

Sample

Phenol-Formaldehyde (P-F) resins are products of the condensation of phenols with aldehydes
(usually formaldehyde) and represent an important group of thermosetting resins. The synthesis
procedure for P-F resins is illustrated in Fig. 1a, along with a representative structure. The structure
used in the simulation of P-F behavior in the FG-DVC model is shown in Fig. 1b.

These resins are classified in two basic types: novolaks (produced with acid catalysts and an excess
of phenol) and bakelites or resols (produced with basic catalysts and an excess of aldehyde).
Novalaks are linear polymers with molecular weights of 1000-1500 amu. These are not initially
crosslinked and are fusible and soluble. Conversely, bakelites have short chains and are highly
crosslinked insoluble resins. An advantage to working with bakelites is that, by adjusting the ratio
of phenol to formaldehyde, non-linear polymers with different degrees of crosslinking can be
obtained. .

The sample of phenaol-formaldehyde resin used in the current study was a bakelite and was obtained
from Professor Eric Suuberg of Brown University. It was synthesized using NH,OH catalyst, with a
formaldehyde-to-phenol ratio of 4.33. The curing procedure was done in three stages: a) 2 hours
at 60°C in vacuum; b) 12 hours at 120°C in vacuum; ¢) 2 hours at 300°C in helium.

Analysis

The FG-DVC model inputs require information from elemental, FIMS, solvent swelling/extraction and
TG-FTIR, as shown in Fig. 2. The P-F resin was subjected to elemental analysis at Huffman
Laboratories (Golden, CO). The results on a daf basis were C: 76.6, H: 5.5, O: 17.8, N: 0.1.

A sample of the P-F resin was sent for analysis in the Field lonization Mass Spectrometer (FIMS)
apparatus at Stanford Research Institute (30). The Field lonization induces little fragmentation and
so provides a determination of the sample's molecular weight. The FIMS analysis is done by a
programmed pyrolysis of the material into the inet of the mass spectrometer (held at vacuum). The
. mass spectra are taken at regular intervals so that the evolution of individual compounds can be
tracked as a function of temperature. The FIMS technique provides detailed insight into the tar
formation (and indirectly the char formation) processes. The formation of tar is key to the prediction
of polymer combustion properties since it impacts the ignition, soot formation, smoke formation, and
char formation. ‘

The sample of P-F resin was extracted with pyridine at the boiling point to obtain the amount and
composition of the extract. A portion of the dried, extracted solids was also swelled in pyridine in
order to determine the volumetric swelling ratio (VSR). This solvent swelling measurement was
carried out according to the method of Green, Kovac and Larsen (31,32). The value of the VSR can
be used in the FG-DVC model to determine the starting value of the molecular weight between
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crosslinks. However, this requires an assumption of the monomer molecular weight. It is more
convenient to use the pyridine extractables amount which is determined from the same experiment.

RESULTS

Pyrolysis experiments were performed on the P-F sample using the TG-FTIR apparatus (11-13) over
a range of heating rates (3-100°C/min). Figure 3a illustrates the weight loss, the sum of the evolved
products, and the temperature history for a 20 mg sample taken on a 30°C/min temperature
excursion, first to 150°C to dry for four minutes and then to 900°C for pyrolysis.

During the excursion, infrared spectra are obtained once every 41 s. The spectra show absorption
bands for CO, CO,, CH,, H,0, SO,, COS, C,H,, and NH;: The spectra above 250°C also show
aliphatic, aromatic, hydroxyl, carbonyl, and ether bands from tar. The evolution of gases derived
from the IR absorbance spectra are obtained by a quantitative analysis program that employs a
database of integration regions and calibration spectra for different compounds (11-13). Figure 3b
through 3f illustrate the evolution rates and integrated amounts evolved for H,0, tars, CO,, CH,, and
CO respectively. Because the data are quantitative, the sum of the evolved products matches the
weight loss as determined by the TGA balance.

Pyrolysis of phenol formaldehyde resin in the TG-FTIR apparatus led to the formation of tar, CO, CO,,
CH,, and H,O as illustrated in Fig. 3. The product mix and evolution profiles are consistent with
previous studies on the thermal degradation of this material (14-24). CO evolved in two distinct
peaks, one before tar evolution (450°C at 30°C/min), the other after tar evolution (620°C at
30°C/min). The CO, evolution rate peaked at approximately the same temperature as the first CO
peak, while the CH, evolution rate was a maximum at roughly the same temperature as the second
CO peak. Water evolution occurred at the same time as tar evolution for all heating rates. A
composite species evolution plot from the TG-FTIR analysis of phenol formaldehyde at 30°C/min is
shown in Fig. 4a.

The overall pyrolysis behavior of phenol formaldehyde is very similar to that of Wyodak
subbituminous coal. The elemental compositions of these materials are similar although the bridging
groups between the aromatic rings are different. A composite species evolution plot from the TG-
FTIR analysis of Wyodak coal is shown in Fig. 4b. ‘In both cases, there is a CO, peak prior to tar
evolution, a CH, peak following tar evolution, and a water peak at the same temperature as tar. The
amount of tar is also comparable: about 12% for phenol formaldehyde and 9% for Wyodak. The
only significant difference between the gas evolution of the two samples is for CO, since all of the
CO evolves after the tar peak for Wyodak while there is an early peak before tar evolution in the case
of phenol formaldehyde. The similarity of the evolution profiles and the char yields for the two
materials provides support for the idea of using a model developed for coal (FG-DVC) to describe
a synthetic polymer (P-F). Of course, it is also true that the similarity in the product yields does not
guarantee that the decomposition mechanisms are the same. However, the model has the flexibility
to incorporate these different mechanisms, as discussed below.

MODELING

The FG-DVC model was originally developed based on a polymeric representative of coal which is
aromatic clusters connected by weak (ethylene) bridges and which also include functional groups
such as carboxyl or methoxy which promote crosslinking and/or lead to gas evolution. The
depolymerization occurs by random, homolytic cleavage of the weak bridges (8-10).

Phenol-formaldehyde resin is also a charring polymer which decomposes by random degradation
with crosslinking. The system does not produce many volatile products, and there is formation of
char after complex crosslinking reactions. It is the nature of the depolymerization and crosslinking
reactions which Is different for P-F resin than for coal.

Model Implementation

The implementation of the FG-DVC model for a specific polymer system requires the specification
of several parameters, some of which are constrained by the known polymer structure and some of
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which are constrained by experimental characterization data. A flow diagram of the model inputs and
outputs is given in Fig. 2. The basic idea is to validate the model using simple small scale
experiments like TG-FTIR, FIMS, solvent swelling, and elemental analysis and then use the model
to make predictions for conditions where experimental data are not readily available such as at high
heating rates. This approach has been highly successful in using the FG-DVC model to make
predictions for pyrolysis of coal under combustion conditions at high heating rates using a model
that was validated using low heating rate TG-FTIR and fluidity data (33).

Network Polymers - First, the polymer network has be to defined. This requires specification of the
following parameters: monomer units and subunits, the types of bridges and the fraction of
breakable vs. unbreakable bridges, the number and type of peripheral groups, and number of initial
crosslinks (unbreakable linkages at branch points in the polymer chains). Since synthetic polymers
usually have a regular and repetitive structure, they can often be represented in the model by
monomers (a monomer being the smallest repetitive unit) linked by a single type of bridge.
Depending on their complexity, monomers can be described as being composed of submonomers
of different types, which are linked together by either labile (breakable) or unbreakable bridges. The
reason for Including submonomers is to describe more accurately the structure.

In the case of polymer resins like phenol formaldehyde, the structure is not necessarily a unit which
repeats over a short length scale as shown in Fig. 1a. Consequently, some average structures
must be written (as shown in Fig. 1b). This is even mare true in the case of coal where the repeating
unit is purely a statistical quantity. '

Once the monomer units and subunits have been established, the parameters of the network are
then defined through the mass of monomers, submonomers, labile bridges, and unbreakable
bridges. Once the polymer network has been specified, the next step is to specify the
depolymerization reactions, crosslinking reactions, and gas forming reactions. This is done based
on the known polymer structure and literature work.

Depolymerization Reactions - Phenol-formaldehyde is an example of a polymer constructed by
joining aromatic units with labile (methylene) bridges. Usually, single atom bridges between aromatic
rings are not very labile. However, the ortho situated hydroxyl group activates the decomposition
of the methylene linkage due to a keto-enol tautomerism (34).

The depolymerization process, done by breaking labile bridges, can be performed with hydrogen
abstraction from either other labile bridges, if those can give hydrogen, or other possible hydrogen
donor species in the polymer, such as the aromatic rings. In the latter case, all the bridges can be
broken, while in the former case, only part of them are actually broken. The choice of
depolymerization process is based on the hydrogen availability in the polymer. Currently, the model
does not include hydrogen transfer along the chain since this is not usually important for aromatic
polymers. The weight of the evidence from the literature suggests that, for the depolymerization of
phenol-formaldehyde, hydrogen donation occurs from other methylene bridges (14-24).

Crosslinking Reactions - In the case of charring polymers, an important reaction to model is the
crosslinking of the polymer. In the version of the FG-DVC model used for coal, crosslinking reactions
are related to gas evolution, in particular CO, and CH, (8,9,35). It seems obvious that, in the case
of polymers, these gases might also be related to crosslinking events, along with other gases as well.
As discussed above, phenol formaldehyde has a behavior very close to coal. The same types of
gases evolve (CO,, CH,, CO, H,0) and the total weight loss is comparable to coal's weight loss.
However, the most probable crosslinking reaction in phenol formaldehyde involves H,O evolution (16)
as discussed below and in Ref. 36. The crosslinking efficiency, i.e., the number of crosslinks
introduced per mole of gas evolved, is an adjustable parameter of the model.

In the case of phenol formaldehyde, one of the possible crosslinking reactions involves elimination
of a labile bridge at the crosslink site.
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@— OH CH, @— ca/~ (Rxn 1)
CH, +HO%§>———\ CH%@ +4E20 ‘

In our nomenclature, we reserve the term crosslinks to refer to bonds which cannot be broken during
the preliminary pyrolysis stages (< 600°C) such as C-C aryl linkages. For example, the methylene
linkages between the phenolic groups in phenol-formaldehyde would not be considered crosslinks
in our model because these can be broken at relatively low temperatures because of the activating
mechanism of the ortho situated hydroxyl groups, discussed above. Conversely, the formation of
an ether link by the reaction of two hydroxyls (discussed below) may act as a crosslink under primary
pyrolysis conditions because the reaction also removes this activating mechanism.

The difference between crosslinks and unbreakable bonds in the model is as follows: crosslinks
are unbreakable bonds which act a branch points {divergence of two chains) while unbreakable
bonds are part of a linear chain. This distinction is made in Fig. 1b where examples of a crosslink
X.L.) and hardbond (H.B.) are shown.

Gas Evolution - For aromatic polymers, the gas evolution occurs from decomposition of peripheral
groups including bridge structures. In the FG-DVC model, these groups are distributed based on
the known polymer compasition using a mixture of functional group sources (6,7). This is the "FG"
part of the model. The specific mechanisms of gas evolution have not been input into the mode! with
the same level of detail as the char and tar formation (treated in the "DVC" part of the model). It has
been found that the absence of detailed gas formation mechanisms has not prevented us from
accurately predicting gas formation from coal over a wide range of heating rates (0.05°C/s -
20,000°C-s) (9,33). It is expected the same will be true of phenol-formaldehyde, although we do
not‘yet have the high heating rate data to verify this assumption.

Experimental Inputs - The next step in setting up the model is to use experimental data to further
constrain the model. This is shown schematically in Fig. 2. For polymers, with a regular repeating
structure, there are obviously no adjustments required to match the elemental analysis data.
However, for polymers with an irregular repeating structure, like phenol formaldehyde, the peripheral
groups and bridge structures are distributed statistically and must be in agreement with known
structures based on FT-IR and elemental analysis data.

A second experimental input required for polymers which have an indefinite structure is the number
of starting crosslinks. This can be based on either the volumetric swelling ratio or the pyridine
extractables as discussed above.

Simulations of Phenol-Formaldehyde Pyrolysis

A literature review showed that several reactions involving water elimination might lead to the
formation of crosslinks. The fact that we observe in the TG-FTIR analysis a water peak at 200-300°C
(see Fig. 3b) (which is a temperature range too high for moisture) might indicate that crosslinking
reactions have occurred during low temperature pyrolysis. Reaction 2 is a curing reaction which
occurs at low temperature and forms water.
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OH OH OH
Rxn 2
CH,0H CHy +B0 ( )

However, a methylene bridge formed ortho to a hydroxyl group would not act as a crosslink under
primary pyrolysis conditions. Reaction 1 (see above) is a possible pathway to produce crosslinks
atlow temperatures (16). Reaction 3 is also thought to occur at relatively low temperatures, aithough
the extent of the reaction and its temperature range are subject to debate between researchers.

N\
@El:’z“ +H°‘@ @5‘% —@ +H.20 (Rxn 3)

An ether linkage formed in this manner could act as a crosslink under primary pyrolysis conditions.

Since several reactions can lead to the production of water, it is not likely that every water molecule
evolved corresponds to a crosslink, Different test cases showed that a value of 0.5 for the
crosslinking efficiency of H,0 seem$ to be the best choice. One of the crosslinking reactions
(Reaction 1) takes place between the ~OH of a phenol and a methylene bridge, thus removing a
labile bridge. To take this into account, we also included in the model, for every new crosslink
formed, a reaction transforming a labile bridge next to the crosslink into an unbreakable bridge.
Since it was not known a priori if Reaction 1 is the important pathway for crosslinking, simulations
were done with this reaction and also with Reaction 3 as the main crosslinking reaction.

The network parameters (amount of available hydrogen, initial crosslink density, and starting oligomer
length) were chosen to match the experimental value of pyridine extractables (0.8%) and the amount
of tar from TG-FTIR experiments (12%). Although we did not'make any fluidity (inverse viscosity)
measurements on phenol formaldehyde, the network parameters were input into the fluidity model
and the predictions are consistent with the fact that no melting was observed during pyrolysis of this
material at low heating rates. .

Two sets of assumptions were used in the pyrolysis simulations of phenol-formaldehyde. These
assumptions are summarized in Table 1 as Case 1 and Case 2.
TABLE 1

SUMMARY OF ASSUMPTIONS USED IN PHENOL-FORMALDEHYDE
PYROLYSIS SIMULATIONS

Number of Number of Crosslinking
Hard Bonds Initial Crosslinks Reaction
Case 1 0 320 1
Case 2 600 320 3
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For the first case, we considered that relatively few hard bonds were present in the original resin,
since there is probably no condensation yet. A significant number of starting crosslinks was also
necessary in order to have a 3-dimensional network, and also to limit vaporization of dimers, trimers,
etc., since these are not present in the FIMS spectra (36). While there are no real crosslinks in the
original phenol-formaldehyde structure (see Fig. 1a), these must be introduced during the curing
process, perhaps by Reaction 1, since the curing is done up to relatively high temperatures (300°C).
Having included the reaction transforming a labile bridge into unbreakable bridges when a crosslink
is formed, we found that no initial hard bonds and approximately one branch point for every three
monomers gave the best fit to the TG-FTIR data (see Figs. 5 and 6 and Table 1). The solid lines in
Figs. 8 and 6 are the FG-DVC model predictions while the experimental data are represented as
symbols connected by lines. Using an alternative crosslinking reaction (Reaction 3), more initial hard
bonds (approximately one for every four bridges) were necessary, keeping the same crosslink
density. This is Case 2 in Table 1. This rather high value of hard bonds (while we expect few
original bonds) might indicate that there is a process of consumption of labile bridges in the polymer
during curing or in the early stages of pyrolysis, since these would not be expected in the original
structure. In both of these two cases, a narrow range in the network parameters was found to give
the best fit. When either set of parameters was used in the model, the main features of the tar FIMS
spectra were simulated (36).

The kinetic parameters for gases and tar were selected by fitting TG-FTIR evolution curves for
different heating rates. The tar evolution was found to correspond to an activation energy of 51.4
keal, which is very close to activation energies found in the case of coals (8-10). The overall rate Is,
however, lower than that for coals since the tar peak for phenol formaldehyde occurs at higher
temperatures. A comparison of the product evolution data with the mode! predictions is given for
two different heating rates in Figs. 5 and 6. Excellent agreement was obtained. Similar results were
obtained for the Case 2 parameters. The gas predictions are not very sensitive to the choice of
network parameters while the tar and char yields are sensitive. Case 1 is thought to be more realistic
since it does not require the assumption of a large amount of starting hard bonds. Additional
analysis of the cured P-F resin, such as by solid state C'*~NMR, would be required in order to
definately rule out Case 2.

Once the model has been fully validated, it can be used to make predictions for a different range
of network parameters or a different range of experimental conditions. An example of this is shown
in Fig. 7 where the effect of changing the starting number of crosslinks on the predictions for weight
loss, tar evolution rate, and tar molecular weight distributions (MWD) are shown. The model predicts
the correct trend in the change in the tar molecular weight distribution, tar yield, and weight loss with
increasing initial crosslink density based on the results that have been obtained for coal (35).

CONCLUSIONS

The main conclusions from this effort can be summarized as follows: 1) The TG-FTIR method can
provide information on several aspects of polymer thermal decomposition behavior Including kinetics
anddegradation mechanisms; 2) The FG-DVC model can be generalized to predict kinetics, product
evolution, tar yields, and tar molecular weight distributions for phenol formaldehyde and other
charring polymers over a wide range of conditions; 3) The key inputs required to model the
decomposition of a charring polymer are the network parameters, depolymerization reactions,
crosslinking reactions, and gas formation reactions; 4) The choice between two alternative
crosslinking reactions may lead to a different choice of network parameters.
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ABSTRACT

The thermal reactivity of 2,2-diphenylpropane is relevant to the stability of a broad class of polymers which
are made using bisphenol A. Consequently, the pyrolysis of 2,2-diphenyl propane and 4-cumyl phenol, its analog
containing a hydroxy substituent, have been studied at 450 and 500°C. 2,2-DPP is observed to react to 1,1-
diphenylethane, 1,1-diphenylethylene, toluene, ethylbenzene, 2-phenyl propene diphenylmethane, benzene and
cumene. 4-Cumyl phenol reacts to an analogous spectrum of products, but at faster reaction rates indicating
activation by the hydroxy substituent. A free-radical mechanism consistent with experimental results has been
proposed herein together with the associated rate parameters for elementary steps.

INTRODUCTION

Polymer thermal stability is important for purposes of recycling and in regards to degradation during end-use
applications and high temperature processing. A broad class of these polymers (e.g., polycarbonate, polysulfone,
polyarylate, polyetherimide) are prepared using bisphenol A, and therefore the thermal reaction of materials
containing this moiety are of interest.

This reactivity can be probed directly in experiments with the polymeric materials themselves. Theseex-
periments can provide much relevant but system-specific information. A second, complementary approach is in
experiments using pure component, model compounds, which provide a great deal of fundamental information
about the reaction pathways, kineties and mechanisms. This information can be used in the prediction of the
reaction of polymeric materials beyond the range of experiments with the actual polymers.

In this work we follow the second tact to study the reactivity of materials containing the isopropylidene
linkage. We present results of pyrolysis experiments of 2,2-diphenylpropane [2,2-DPP) and its hydroxy substituted
analog, 4-cumyl phenol [4-CP).

The reaction pathways and kinetics of 2,2-diphenylpropane have not been thoroughly studied. Previous
experimental work [1] indicates the bond homolysis activation energy as E,=65.7 kcal/mol and log10A=15.7.
Pryor, Gleicher and Church [2] studied ring ozonation of 2,2-DPP at 25°C. Duty, Geier and Harwood [3] demon-
strated resistance of 2,2-DDP to oxidation by dichromate when reacted in an aqueous solution at 250°C and
18 hrs. Schanne and Haenel [4] used potassium to cleave the phenyl ring to form benzene and 2-phenylpropane
by what they propose to be a radical ion mechanism. Golden [5] irradiated 2,2-DPP at 1000 megarads using
electron beam radiation. The reaction products were primarily methane and hydrogen, with little CO, CO2 and
hydrocarbon gases found.

I.Ierein we extend this previous literature through more comprehensive study of the reaction pathways,
kinetics and mechanisms for the pyrolysis of 2,2-diphenylpropane and 4-cumyl phenol.

EXPERIMENTAL SECTION

2,2-DPP and 4-cumyl phenol were pyrolysed at 450°C and 500°C for batch holding times of 2-120 min.
Initial concentrations were nominally 60 mM.

1 Amoco Performance Products, Inc., Research & Development Center, 4500 McGinnis Ferry Rd., Alpharetta,
GA 30202-3944
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Materials

2,2-DPP was obtained from Aldrich and subsequently distilled and collected at 113-117°C and 3 mm Hg.
4-Cumyl phenol was obtained from Aldrich and recrystallized before use. Dibenzyl ether, used as an external
standard for GC analysis, was obtained from Aldrich. Gold band ampules (Wheaton) were used to fabricate
batch reaction vessels.

Procedure

The reactors were loaded by weight with a typical charge of 25 mg of reactant. One reactor was prepared for
each desired reaction time. The ampules were purged with argon to avoid oxidation and then immediately sealed
using a propane/Q, flame. These reactions were then immersed into a constant-temperature, fluidized sand bath
(Techne) for the desired reaction time. The reaction was quenched by immersion in a cold, room-temperature
fluidized sand bath. Reactors were checked for leaks by weighing both before and after reaction.

Reactant conversion and product yields were quantified by use of the external standard, dibenzyl ether,
added to the reaction mixture after reaction. All materials were then recovered in methylene chloride. Analysis
was performed by GC (Hewlett-Packard 5880) equipped with an FID to quantify yields and GC/MSD (Hewlett-
Packard 5890 GC/H-P 5970 MSD) to identify products.

RESULTS AND DISCUSSION

2,2-Diphenylpropane pyrolysis at 450°C was at holding times ranging from 2.0-120.0 minutes; reaction
at 500°C was for holding times ranging from 5-60 min. The detailed product spectrum, shown in Table 1
as product molar yields vs. time, includes benzene, toluene, ethylbenzene, styrene, cumene, 2-phenylpropene,
1,1-diphenylethane, 1,1-diphenylethene and diphenylmethane. At 450°C, a 32% conversion of 2,2-DPP was ob-
served at 120 min, where the products in most significant yields were 1,1-diphenylethane and 1,1-diphenylethene,
followed by benzene, toluene and ethyl benzene. .

The Delplot technique [6] is a data analysis approach which reveals reaction path information allowing
discrimination between primary, secondery and higher order products. For example, in a first-rank Delplot,
product selectivity (yield/conversion) is examined as a function of conversion. In extrapolation to zero conversion,
primary products have finite y-intercepts, while that for higher order products goes to zero. In a second-rank
Delplot (yield/conversion? vs. conversion), primary products diverge as x — 0, while secondary products have
finite intercepts.

First-rank Delplots for 2,2-DPP pyrolysis at 450°C indicate that all products except diphenylmethane,
toluene, ethyl benzene and styrene were clearly primary. Delplots for 2,2-DPP pyrolysis at 500°C suggest all
products but diphenylmethane to be primary. This may indicate that at 500°C the intermediates that lead to
toluene, ethyl benzene and styrene may be very short lived.

4-Cumyl phenol was pyrolysed at both 450 and 500°C to final holding times of 101 and 60 min, respectively.
Table 2 summarizes the reaction products, namely benzene, toluene, ethy! benzene, cumene, phenol, 2-phenyl
propene, methylpropyl benzene, 4-methyl phenol, 4-ethyl phenol, 4-hydroxy diphenylmethane, 4-hydroxy-(1,1-
diphenylethane) and 4-hydroxy-(1,1-diphenylethene). These are analogous to the products observed from 2,2-
DPP pyrolysis. 4-hydroxy diphenylethane and 4-hydroxy diphenylethene were observed in the highest yields, with
relatively large amounts of phenol. The first-rank Delplots for 4-cumyl phenol pyrolysis at 500°C suggest most
products to be primary with the exception of methylpropyl benzene, 4-ethyl phenol and hydroxydiphenylmethane.

The foregoing information suggests the 2,2-DPP and 4-CP pyrolysis pathways to be straightforward. Pri-
mary pyrolysis provides most of the products, with secondary reactions accounting for only diphenylmethane
(for 2,2-DPP) and methylpropyl benzene, 4-ethyl phenol, and hydroxy diphenylmethane (for 4-CP). Pseudo-first-
order rate constants for the reaction of both 2,2-DPP and 4-cumyl phenol to their primary products are shown
in Table 3. The suggested Arrhenius parameters (two temperatures only) for primary 2,2-DPP pyrolysis are also
listed in Table 3. 4-Cumyl phenol pyrolysis was much faster than that of 2,2-DPP. For example, for reaction
at 500°C and 60 min, the 4-cumyl phenol. conversion was 93%, whereas only 80% conversion was observed for
2,2-DPP.

A set of elementary steps consistent with the observed product si)ectra is shown in Figure 1. For 2,2-
DPP, initiation by unimolecular decomposition can proceed through fission of two different bonds, leading to
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the production of either methyl and diphenyl ethyl radicals (which subsequently become methane and 1,1-
diphenylethane following hydrogen abstraction) or to phenyl and isopropyl benzene radicals (similarly leading to
benzene and cumene). The former is expected to be more facile since the controlling bond dissociation energy is
~86 kcal/mol, 14 kcal/mol lower than that of ~80 kcal/mol for the latter. Propagation is by hydrogen abstraction
by any radical from 2,2-DPP. The thus-derived 2,2-DPP radical has two g-scission pathways available. One leads
to a methyl radical and diphenylethene and has a lower heat of reaction than the second, leading to a phenyl
radical and 2-phenyl propene. A thermodynamically favorable phenyl shift can ultimately lead to toluene and
ethyl benzene. Termination is by combination of any two radicals. An analogous set of steps could lead to the
observed 4-CP products.

In summary, the structure and thus-derived thermochemical properties of 2,2-DPP and 4-CP control their
pytrolysis activity. No evidence for a significant kinetic chain was found. The main products all appear to be
primary and are explained nicely by elementary steps in strict accord with thermochemical estimates.
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Figure 1
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PYROLYSIS OF BIOMASS AND POLYMER MIXTURES -
MUNICIPAL SOLID WASTE AS AN EXAMPLE
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Benson Hall BF-10, Seattle, WA 98195.
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- ABSTRACT

Incineration and thermal conversion of municipal solid waste are receiving considerable attention from
both a political and scientific viewpoint. Polymers are present, both natural and manmade, representing
about 80 weight % of the waste. Little quantitative reaction dara is available and potential pollution
problems have been identified when the polymeric mixtures contain chlorine and are reacted or
incinerated at high temperature. The purpose of this work is to provide a quantitative basis for the
engineering design of reactors to recover hydrocarbons from this waste. We have performed
experiments under controlled conditions on a reasonably well-characterized "model" for municipal solid
waste, that is, commercially available densified refuse-derived fuel (d-RDF), made by sorting, drying
and compressing municipal solid waste. The resulting relatively uniform composition and density
pellets have, however, low thermal conductivity, making the apparent reaction rate limited by the local
heat transfer rate. This pyrolysis study employs single, "macro"-particle experiments where particle
non-isothermality can be measured and its effect on product slate can be understood. A variety of
polymeric substrates as well as commercial RDF have been heated under well-controlled conditions
spanning those of industrial importance. The devolatilization behavior, such as time-temperature
history and evolved gas composition, has been measured in detail. The results have been used to
develop correlations applicable to reactor design and pollution control. Specialized statistical methods
are used to quantify the contribution of a single mixture constituent to pyrolysis behavior. Conclusions
from the experiments have aided in the development of a mathematical model of the devolatilization
process and have increased our understanding of the role of reactant composition, as well as particle
mass and heat transfer, during gasification and combustion.

INTRODUCTION

The ongoing work described in this preprint is a portion of a study (1) of the transport rates and
chemical reaction behavior during thermal conversion of a particular form of muncipal solid waste
(MSW), namely densified refuse-derived fuel (d-RDF). It is made commercially by removing
recyclables and non-combustibles, drying and compressing the remaining mixture (manmade and
natural polymers as well as other materials) into pellets of relatively uniform size and density (~1-2 cm
diameter, 2-3 cm long cylinders, specific gravity between 1 and 2). The resulting material is
considerably more compact, has approximately the heating value of coal, and can be economically
transported to a central site for thermal conversion. It is envisaged that this central site could then be
expected to have a larger, more advanced design thermal conversion process with potentially the
flexibility to optimize certain products, and certainly the capability of pollution control and monitoring.

While some work has been performed on d-RDF and MSW (1-3), it remains to be determined what
reaction conditions optimize particular products, what are the effects of pellet moisture, size and
density on conversion rate and products, and in particular, what changes in the waste stream polymeric
mixture result in desirable or undesirable pyrolysis products. Reactor design will require
devolatilization kinetics data on the d-RDF constituents, and a knowledge of whether constituents co-
react when confined to the interior of the relatively non-porous particle of d-RDF, or whether the
constituents react independently. By studying the behavior of single particles as in other swdies (4),
we can direct the efforts in mathematical modeling of the pellet behavior, provide a basis for judging
adequate kinetic models, and make suggestions regarding appropriate reactor configurations.

EXPERIMENTAL ASPECTS

The experimental apparatus consists of a single particle reactor which allows determination of particle
temperature and gas evolution history, heat transfer rates, and total product analysis. It is described
elsewhere (1,5). The d-RDF compositions studied span the range found in practice (Table 1) as
interpreted by the standard deviation of the 10 composition studies available in the recent literature. To
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understand the role of composition, laboratory-fabricated pellets as well as commercial pellets are
studied under the well-controlled reaction conditions likely to occur in industrial practice (Table 2).

As in other studies where sample size must remain constant while composition is changed, in this study
the weight fractions of waste constituents sum to unity, making the composition variables correlated
and the interpretation of results ambiguous unless special experimental designs and biased regression
methods are employed. Consider a 1 gram sample of say 4 equal concentration components (25% by
weight). Its reaction behavior is to be compared to another 1 gram sample (so sample temperature
history remains constant) with a different composition. In the second sample, it is desired to determine
the pyrolysis product slate change when one of the constituents is reduced to say 10% by weight.
Owing to the constant sample size, this change necessitates that one of the other constituents make up
the remaining 15%. Changes in behavior cannot be unambiguously attributed to a reduction in the
former, but rather to either a reduction in the former or increase in the latter constituent. This difficulty
is lessened when one constituent predominates as in the case of paper-like components of MSW. In
Table 1 it can be seen that components 1-4, 7, and perhaps 6 can be approximated by paper such as
newsprint with a lignin content close to that of native wood . Daugherty et al. (6) have studied the
stability of d-RDF with respect to biological degradation and long term integrity of the pellets. They
found a well-behaved d-RDF pellet can be made when Ca(OH)2 is used as a binder comprising
approximately 1-8% by weight. The binder is similar to the inorganic material that accompanies the
combustible fraction in actual MSW. For a number of reasons (1), we were able to justify reducing the
composition classes in d-RDF to four: paper as exemplified by newsprint, plastics as equal fractions
PVC and polyethylene, non-combustibles as exemplified by metal and glass, and inorganic substances
as exemplified by binder. The ranges over which these four components were varied are shown in
Table 2. The combination of compositions and reaction conditions actually run in our experimental
program was a special mixture design (1,7), and ridge regression as well as other biased regression
methods were used to calculate the effects of composition changes.

The procedure consists of heating the sample one-dimensionally with a constant radiative heat flux fora
fixed pyrolysis time of 12 min. The constant heating time can be rationalized as analogous to the
constant time-at-temperature (residence time) a particle experiences in a moving bed reactor. Particle
size is varied as are initial particle moisture, composition, and the intensity of the heat flux, all in
systematic combinations dictated by the experimental design (1,7). During the pyrolysis, time-
temperature profiles are measured at several depths (Fig. 1) and gas evolution rate and composition are
also measured as functions of time (Fig. 2). Hydrocarbons are measured as well though only carbon
oxides and total gas yield are shown in Fig. 2. The overall pyrolysis product yields are measured as
integrated batch yields as well; Table 3 reports typical yields of interest for this paper. In addition,
though not the subject of this paper, tar composition is measured in detail as are char surface area and
composition by FTIR. To narrow the focus, this paper will concentrate on the composition history of
the gases since it is seen to be an indicator of the pyrolysis chemistry occuring in the large, non-uniform
temnperature particle. The gas composition is measured semi-continuously using a computer controlled
automatic sampling valve and a gas chromatograph.

RESULTS

The d-RDF pellets were pyrolyzed and the time-temperature histories (at 2, 6 and 9 mm into the
particle) and gas flux histories are shown in Figs. 1 and 2 respectively. A temperature plateau at about
100°C can be seen to occur at interior thermocouple locations owing to the constant temperature
evaporation of water as the heating front passes. The gases are released (Fig. 2) with the peak in the
rate controlled by the heating rate applied at the surface, as well as the size and moisture content of the
particle. Using data similar to Fig. 2, this paper will present a limited discussion on the comparison of
pyrolysis behavior between d-RDF samples with high and low fractions of plastics.

Direct comparisons will be presented in which the only difference between 2 experiments is the fraction
of plastics (the remainder being made up by paper (newsprint)). In these, it is useful to subtract the
yields, or subtract the gas flux histories and report the difference as a function of time. That is, the data
analogous to Fig. 2 for an experiment with low fraction plastics are subtracted from the data resulting
when a high fraction plastics pellet is pyrolyzed. The fractional difference provides perhaps more
insight when concentrations are small as in our pyrolyses, and this is shown in Figs. 3 and 4 for carbon
ogudes and hydrocarbons respectively (the low plastics result is the reference or denominator). Thus
Figs. 3 and 4 report fractional difference in gas composition as a function of pyrolysis (reaction) time
for the cases of high and low plastics content in d-RDF. It is important to keep in mind the sample-to-
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sample variation expected in such a heterogeneous reactant and we have studied this by replicate
experiments. For replicates, the difference between measured gas concentrations expressed as a
fraction of one of them is less than approximately two-fold over the entire time interval; thus fractional
concentration variations greater than 3 in Figs. 3 and 4 represent probable composition effects in the
pyrolysis behavior. It can be seen that the hydrocarbons, especially CoHy and CHg, appear to be
sensitive to the concentration of plastics. This is to be expected judging from the thermal degradation
products measured for polymers (8-16).

The time-dependent pyrolysis behavior is to likely represent data with a high degree of noise or
uncertainty in them. A more robust measurement, though revealing less kinetic and reaction
information, is the comparison of overall (time-integrated) yields from a plastics-rich compared to a
plastics-poor sample of d-RDF. In Table 4 are presented three direct comparisons of overall yields, and
as before, the pyrolysis component concentrations in the product gas are subtracted for the two cases,
and the result expressed as a fractional difference. The three direct comparisons represent different
values of other experimental conditions. It can be seen in Table 3 that even replicate d-RDF (laboratory
fabricated) pyrolyses exhibit variations in measured product concentrations of about 20%. Thus only
differences in overall yields exceeding 25-30% in columns 5,9, and 13 (Table 4) can be interpreted as
actual composition effects attributable to the high plastics content. This high a difference is observed
for all gases except CO», and in some cases such as ethylene, the difference is over a 200% increase in
yield in the product.

DISCUSSION

The composition effects presented here are direct comparison experiments, that is, only one pair of
compositions is varied at a time. Other data (1) indicate that the magnitude of these enhanced pyrolysis
product yields is dependent in a complex way on all the other reaction condition variables, namely
particle size, initial moisture, heating rate experienced, and in particular, on the amount of inorganic
material (binder) present. It is interesting to note that the experimentation to date, and the regression of
the results indicate that the d-RDF constituents can be assumed to react independently. Current work is
focused on mathematical modeling of the independent reactions, prediction of the effect of such a high
moisture content as is typical of MSW (Table 1) and prediction of the coupled processes of heat
transfer and reaction rate in the non-isothermal RDF particle.

Comparison to Pyrolysis of Polymers

It is well known that thermal degradation of Poly(vinyl chloride) (PVC) releases HCl. Hydrogen
Chloride generation begins at temperatures as low as 130°C . Up to 99% of the chlorine contained in
PVC is lost as HCI, with very little vinyl chloride monomer formed. In inert atmospheres, and at
temperatures ranging from 160 to 700°C, more than 75 pyrolysis degradation products have been
identified and they included olefinic hydrocarbons, benzene, toluene, xylenes, ethylbenzenes,
aliphatic, naphthalenes, and methylated species. Sometimes condensed aromatics such as biphenyl and
anthracene were also identified (13). Although many products have been identified, the major products
of PVC pyrolysis were hydrogen chloride gas and benzene. In some cases, chlorinated compounds
were also identified at higher temperatures; for example, ethylene chloride at 400°C, chlorobenzene, di-
and trichlorobenzenes at 500-700°C, and vinyl and ethyl chloride at 550°C (14). For these reasons,
we believe that HCL should have been produced in our RDF pyrolyses.

Degradation of polyethylene (PE) under varying oxidative conditions (500 -800°C) has also long been
carried out. The products identified consisting of olefin and n-hydrocarbon with chain lengths of 8 to
23 carbons, in addition to lower molecular weight species such as acetaldehyde, acrolein and benzene
(15). It was found that when oxygen in the gas stream was reduced, the amount of carbon dioxide
product decreased and hydrocarbon production increased (16). These findings are consistent with our
RDF pyrolyses in that (recall no oxygen is present) few hydrocarbons and relatively more condensible
volatiles are in the product slates, consistent with the degradation of plastic components. Our carbon
dioxide concentration is greater than from pure plastic degradation, attributable to the cellulose
decarboxylation from the paper fraction in RDF.

Since HCI is highly soluble in water, HCl gas produced from pyrolysis of PVC is believed to be.
trapped in the cold tar trap in the form of hydrochloric acid. The trap tar sample collected was analyzed
for water and low molecular weight tar components such as Methanol, Acetaldehyde, Acetone, and
Acetic acid, by GC using a Supelco 80/100 mesh Porapak Q column. Using the same column, the
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response to HCI was calibrated. Calibration results show that the retention time of HCl is 0.71 minute
and therefore does not interfere in a major way with any other peak, but that the Porapak Q-column is

not sensitive enough to detect HCI unless it has a concentration of at least 3 65x10-6 g/ul in our
sample. Due to this low HCI sensitivity , we detected no HCl in all our pyrolysis product samples
The HCl analysis is currently in progress.
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Table 1

MSW Composition, wt % (Analyses from 10 studies)

MSW Fraction:
1. Paper
2. Yard Waste
3. Food Waste
4. Wood
5. Plastics
6. Rubber & leather
7. Textiles
Subtotal
8. Metal
9. Glass
10. Misc. Inorganics
Total
Moisture Content

Process
variables
Heat flux q

Moisture content
Particle thickness L
Composition
variables
Paper
Plastics
Metal/Glass

Binder

Average

—_p
w3
at

~ —
VOAN =AW
O W= \O\O = h~]
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28
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Table 2

Experimental Conditions Studied

Range
126x100 1o 21.0x1
4 4
5.0% to 30.0%
1.0 to 2.0
0.57 0 095
0.00 to 0.20
0.05 to 0.15
000 1o 0.08

standard deviation

—mENOOW AL
AN OB ==

@w R
=

Comments
0 Wm

dry basis

cm

weight
fraction
weight
fraction
weight
fraction
weight
fraction




Replicate Runs: Reaction Conditions and Integrated Gas Yields over Pyrolysis Time

Run 24
X1(PAPER) 0.76
X2(PLASTICS) 0.1
X3(MET&GLASS) 0.1
X4(Binder) 0.04
Q(cal/cm2-s) 4
MC(%) 17.5
LICM) 1.5
GAS(%)2 5.473
CO(%)2 1.746
C02(%)2 3.135
CH4(%)2 0.245
C2H2(%)2 0.012
C2H4(%)2 0.058
C2H6(%)2 0.053

Hi/lo plastics comparison
for experiments with high
binder, low metal/glass
content, and 2 cm thick

Table 3

Replicates: fractional difference
Run 25 difference of Run
24

0.76 0

0.1 0

0.1 0

0.04 0

4 0

17.5 0

1.5 0
4.454 1.0187 19.%
1.313 0.4322 25.%
2.830 0.3044 10.%
0.183 0.0621 25.%
0.010 0.0017 14.%
0.050 0.0081 14.%
0.068 -0.015 29.%
* average: 19.0%

Table 4

Integrated Gas Yields over Pyrolysis Time for
Comparison Experiments: High Versus Low Plastics Content

Hi/lo plastics comparison
for experiments with low
binder, high metal/glass
content, and 2 cm thick

Hi/lo plastics comparison
for experiments with high
binder, low metal/glass
content, and 1 cm thick

Run

18

X1(PA) 0.71
X2(PL) 0.15
X3(M&G) 0.07
X4BD 0.06
Q 5
MC(%) 5
L(CM) 2

GAS(%)2 6.91
o2 1.62
CO2(%)2 4.63
CH&(%)2 0.31
C2H2(%)2 0.01
C2H4(%)2 0.16
C2H6(%)2 0.12

006

783
1.88
5.56
0.21
001
0.05
0.09

0.03

18-51
/51

-12% -

-14.9%
-17.%
45.%
-20.9%
238.9%
30.%

Run

0.70
0.15
0.13
0.02

5.85
1.62
3.36
0.20
0.02
0.05
0.10

Run

21
0.81
0.05
0.13
0.02

8.42
2,61
5.12
0.36
0.02
0.10
0.07
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-1.76

0.03

3321 Run  Run 54-55 54-55
121 54 55 155

071 0.82 -0.102

0.15 0.05 0102

0.07 0.07 0

0.06 0.06 0

5 5 1]

5 5 0

1 1 0
31.9%  10.66 1227 -1.60 -13.%
389% 236 292 056 -19%
34.9% 769 874 -1.05 -12%
469 032 041 009 -21.%
20.9% 002 001 001 5%
52% 009 0.09 0001 -1%
37% 018 007 011 161.%




Temperature (C)
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Fig. 1 - Time-Temperature Profiles at 3 different depths from the heated surface
(average composition and reaction conditions, centerpoint of range studied, Run 24,

Mass flux (g/cm2-s)

conditions shown Table 3)
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Fig. 2 - Gas Release Histories (Run 24)
for Experimental Conditions shown in Table 3
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Fig. 3 - Difference in Carbon Oxide and Total Gas Concentration between two direct comparison

Runs

(Runs 18 and 51) - Normalized by Concentrations in Run 51 (low plastics content)
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Fig. 4 - Difference in Hydrocarbon Gas Concentration between two direct comparison Runs
(Runs 18 and 51) - Normalized by Concentrations in Run 51 (low plastics content)
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PY-GC-ION TRAP DETECTION OF SORGHUM GRAIN POLYPHENOLS (syn.
VEGETABLE TANNINS): PRELIMINARY RESULTS
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via Filippo Re, 8
40126 Bologna, Italy

Keywords: pyrolysis-gas chromatography-ion trap detector mass spectrometry;
polyphenol analysis; sorghum analysis.

ABSTRACT

Polyphenols (tannins) from sorghum grains with a high tannin content were analyzed
by pyrolysis-gas chromatography-ion trap detector mass spectrometry (PY-GC-MS).
Pyrolysis at 600 °C produced high relative percentages (around 50%) of catechol (1,2-
dihydroxybenzene), and minor amounts of other phenolic compounds. Catechol was
also the main fragment in the pyrogram of catechin (a monomeric unit of tannins).
The absence of significant levels of catechol in the pyrogram of non-tannin
polyphenols (such as lignin), and its relative lower abundance in that of low-tannin
containing sorghum grains suggests the use of catechol as a remarkable characteristic
fragment for quali- quantitative analysis of tannins by PY-GC-MS.

INTRODUCTION

Polyphenols (syn. vegetable tannins) can be divided into two classes, namely
hydrolizable and condensed or non-hydrolizable tannins. The hydrolizable tannins
are esters of mainly glucose with hydroxyphenolic acids such as gallic acid. The
condensed tannins are polymers of flavanoid precursors such as catechin (scheme 1)
1).

Vegetable tannins influence the characteristics of many plant products - their
taste, palatability, nutritional value, pharmacological and toxic effects, and their
microbial decomposition - because of their ability to complex strongly with proteins,
carbohydrates, nucleic acids, alkaloids and minerals (2,3,4).

Structure elucidation of monomeric and oligomeric (up to 5-6 units)
procyanidins has been accomplished by 1H- and 13C-NMR (5), and Fast Atom
Bombardment Mass Spectrometry (6). Classical methods for routine quantitative
analysis have included colorimetric (7,8) and protein precipitation assays (9), but their
validity has been questioned (10).

Tannins have been chromatographed by HPLC (11) and gel permeation (12}. Gas
chromatography (GC) is unfeasible due to their large molecular weight, polarity and
thermal lability. However, molecules with these chemical features are in principle
suitable to be degraded by pyrolysis (PY), an effective technique for the study of
complex, non-volatile samples, which can be integrated with a gas chromatograph-
mass spectrometer (PY-GC-MS) to provide a rapid analysis of the degradation products,
and hence the characterization of the original sample. '

This paper reports on the GC-MS analysis of the pyrolysis products of tannins
isolated by gel permeation from sorghum grain, and of catechin as a reference
compound. It is anticipated that these preliminary results indicate whether pyrolysis
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can provide characteristic fragments.of diagnostic significance for the recognition of
the non-volatile tannins by gas chromatography without the need for off-line
degradation and derivatization or mass spectrometry.

EXPERIMENTAL

Extraction and gel permeation.

A detailed procedure for tannin extraction and purification has been described
elsewhere (12). Briefly, a 100-g sample of ground sorghum grain was defatted in
Sohxlet with diethyl ether. The residue was transferred into a dark bottle and extracted
overnight at +1 °C under rotary shaking with acetone (3x300 ml). The residue was
extracted under the same conditions with methanol (3x300 ml). The methanolic
extracts were combined and the solvent was distilled off under vacuum in a rotary
evaporator (T: 35 °C). A 500-mg aliquot of this crude extract was suspended in
methanol (7 mL) and the slurry was applied onto a column packed with Sephadex LH
20 (35x3 cm). The column was eluted at 2 mL/min (detection 340 nm) with 95%
ethanol (800 mL) to remove some coloured non-phenolic substances, then with
acetone/water (7/3, 640 mL) to collect the brown polyphenolic fraction retained at the
top of the column. The acetone/water solvent was evaporated in rotary evaporator
under reduced pressure (T: 40 °C). The tannin was dried over P205 and stored at - 25
°C until analysis.

Pyrolysis-gas chromatography-mass spectrometry (PY-GC-MS).

About 1 mg of tannin was pyrolyzed using a CDS Pyroprobe 100 equipped with a
platinum coil probe and a quartz sample holder. Catechin was pyrolyzed by applying
10 uL of a methanolic solution (10 mg/mL) in the quartz tube. The pyrolyzer was
interfaced with a GC-MS system consisting of a Varian 3400 gas chromatograph
coupled to a Finnigan MAT Ion Trap Detector (ITD) model 800 mass spectrometer and
operating under the following conditions: injector (split 1/120) at 220 °C; SPB-5
column (30 m x 0.32 mm i.d.) programmed from 50 to 300 °C at 10 °C/min (He: 1
mL/min); transfer line at 220 °C; mass spectra recorded at 70 eV under the usual ITD
software release 4.0 conditions.

RESULTS AND DISCUSSION

Two sorghum grain commercial cultivars, i.e. Arval and Argence representative of
high- and low tannin content, respectively, were used for the present work. According
to the vanillin test (8), Arval tannin content was 5.30 (expressed as catechin equivalent
percentage of original sample dry matter) and that of Argence was 0.10. Table 1 collects
these figures, and the yields of crude extract and tannin after gel permeation expressed
as percentage of original sample dry matter and crude extract, respectively.

The total ion chromatograms (TIC) of the Arval and Argence tannin fractions
after pyrolysis at 600 °C are shown in figures 1 and 2, respectively. Table 2 collects the
eight most abundant ions in the mass spectra of the main peaks. The identification
proposed for most of the pyrolysis fragments is reported in table 3. The fragmentation
under pyrolysis was similar for the two samples, but the quantitative analysis (relative
percentages) was substantially different (table 3). Catechol (identified by both mass
spectrometry and injection of pure standard) was the main fragment (55.4%) in the
pyrogram of Arval tannin (fig. 1, peak no. 24), whereas it was only 4.58% in that of
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Table 3. Relative percentage and proposed identification of the main pyrolysis peaks in
the two sorghum tannins Arval and Argence.

# Arval  Argence Compound
1 9.00 14.15 . carbon dioxide
2 trace trace unknown
3 0.82 - acetone
4 5.28 6.88 unknown
5 6.47 17.40 propylacetate
6 5.95 - 3-methylfuran
7 0.56 4.75 ' 2-furanol, tetrahydro-2,3-dimethyl
8 0.34 0.94 unknown
9 - 067 0.27 3-furaldehyde
10 0.94 1.42 pyridine
11 0.20 0.15 toluene
12 1.28 0.71 unknown
13 1.16 - unknown
14 0.33 - unknown
15 0.30 0.39 unknown
16 1.51 17.69 phenol
17 1.09 . 0.88 unknown
18 022 1.17 unknown
19 0.51 1.80 4-methylphenol
20 0.62 381 guaiacol
21 0.45 0.28 unknown
22 0.17 0.36 unknown
23 0.52 2.53 ethylphenol
24 55.4 458 catechol
25 0.10 7.06 - 2-ethenylphenol
26 7.25 1.89 dihydroxytoluene
OH
. OH
HO O
OH OH

Scheme 1. Catechin (flavan-3-ol).
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Table 1. Polyphenol estimation using the vanillin test (% of catechin equivalents
(CE)), crude extract yield (% of original sample dry matter), and polypheno!

yield (% of crude extract).

694

CE crude extract polyphenol
Arval 5.30 240 43.0
| Argence 0.10 1.81 34
Table 2. Eight-peak mass spectra of the pyrolysis fragments of Arval sorghum tannin.
# scan MW m/z (%)
1 142 4 44(100) 45(40) 43(1) - - - - -
2 147 - 43(100) 41(68) 42(38) 49(38) 45(36) 47(33) 48(30) 55(17)
3 151 58 58(100) 59(45) 42(44) 60(13) 44(12) 57(9) 40(7)  45(5)
4 155 - 43(100) 59(36) 42(13) 58(10) 41(4)  40(3) 44(3)  60(2)
5 169 102(0.2) 43(100) 61(25) 45(19) 42(15) 44(4) 41(D 71(1) 591
6 177 82 82(100) 53(91) 81(78) 50(43) 51(41) 52(18) 83(14) 54(12)
7 192 116 43(100) 75(12) 42(11) S57(7) 41(6) 44(6) 45(3)  40(2)
8 201 - 43(100) 45(58) 57(45) 74(34) 42(29) 73(27) 75(23) 41(22)
9 211 9% 96(100) 95(94) 53(75) 51(56) 50(48) 43(39) 67(25) 52(22)
10 231 79 52(100) 79(91) 50(66) 43(62) 51(55) 80(37) 78(12) 53(11)
11 245 R 91(100) 92(50) 63(19) 65(18) 43(15) 41(11) 45(10) 50(10)
12 251 - 43(100) 85(25) 101(18) 100(14) 42(10) 45(4) 72(4) 4403
13 261 - 55(100) 43(60) 41(55) 83(48) 53(18) 42(17) 99(17) 98(13)
14 269 - 41(100) 55(76) 70(47) 43(36) 42(29) 69(25) 53(18) 56(12)
15 406 - 41(100) 53(53) 96(47) 42(44) 67(44) 55(38) 69(34) 81(34)
16 417 %4 94(100) 66(65) 65(38) 63(23) 50(21) 40(17) 51(14) 53(12)
17 461 - 57(100) 41(99) 55(40) 43(39) 56(29) 70(27) 105(21) 83(20)
18 492 - 91(100) 45(83) 77(78) 128(72) 107(61) 108(61) 79(56) 69(50)
19 510 108 107(100) 108(85) 77(58) 79(50) 51(38) 50(31) 53(27) 63(23)
20 527 124 109(100) 81(99) 124(72) 53(54) 51(34) 52(33) 50(29) 63(14)
21 559 138 81(100) 43(40) 41(39) 54(30) 64(28) 42(25) 53(20) 138(10)
22 585 - 43(100) 55(30) 42(27) 107(15) 44(14) 51(13) 101(12) 69(12)
23 600 122 107(100) 77(43) 122(34) 41(22) 51(22) 53(17) 79(15) 50(14)
24 631 110 110(100) 63(38)  64(35) 53(30) 81(25) 51(18) 50(17) 82(17)
25 647 120 120(100) 91(97) 69(78) 41(48) 42(42) 57(23) 119(23) 73(22)
26 718 124 124(100) 78(75) 123(50) 51(42) 77(33) 67(20) 53(20) 106(18)



Argence tannin (fig. 2). In the latter, the main fragment was phenol (peak no. 17,
17.7%), which accounted for only 1.51% of Arval tannin TIC. Total phenolic content
was also different in the pyrograms of the two tannins, i.e. 65.91% in Arval and 40.23%
in Argence. The relative quantities of catechol were consistent with the results of the
tannin colorimetric assay of the two sorghum cultivars reported in table 1, i.e. high
percentage of catechol in Arval and low in Argence. In another work (13), it was also
* observed that catechol was present in non-significant amounts in the pyrogram of a
non-tannin polypheno! such as lignin. The pyrolysis of catechin under the same
conditions of tannins yielded catechol as the single degradation product (fig. 3). A
black residue was observed in the quartz sample holder after pyrolysis, probably due to
some polymerization reactions undergone by the other moiety of the molecule, which
might explain the lack of other pyrolysis fragments. Increasing the temperature of
pyrolysis up to 900 °C did not change the fragmentation. The reproducibility of
~ triplicate pyrolysis of catechin was good (fig. 4).

CONCLUSION

PY-GC-MS analysis of condensed tannins containing catechin-like monomeric units
shows catechol as main fragment. This compound is of diagnostic significance for
condensed tannins not only because it is originated by a simple cleavage of one of its
monomeric units, but also because it is peculiar of this class of polyphenols and not,
for instance, of another class of polyphenols widespread in nature such as lignin, and
because its formation under pyrolysis is quantitatively reproducible. Further studies
are underway to screen a larger set of samples, to establish a quantitative correlation
between the amount of catechin subjected to pyrolysis and the quantity of produced
catechol, and to determine its range of linear response. If the preliminary results of the
present work will be confirmed on a more quantitative basis, pyrolysis affords the
prospect of a rapid and specific analysis of tannins by gas chromatography, a technique
so far neglected for tannins, without the need of cumbersome sample preparation and
derivatization.
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Fig. 1. Total ion chromatogram of Arval sorghum tannin after pyrolysis at 600 °C.
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Fig. 2. Total ion chromatogram of Argence sorghum tannin after pyrolysis at 600 °C.
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Fig. 3. Total ion chromatogram of catechin after pyrolysis at 600 °C.
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Fig. 4. Replicate pyrolysis of catechin under the same conditions of figure 1-3. (1)
catechol, (2) p-hydroxybenzaldehyde which was added in view of its possible use
as an internal standard in future quantitative experiments.
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INTRODUCTION

During the last years several papers have been published on the chemical composition of recognizable
higher plant remains in sediments (e.g. spores, pollen?, cuticles?3, bark*5, wood remains®). It is thought
that these tissues have survived in the geological record because they are comprised of highly resistant
biopolymers such as cutan3, suberan® and lignin®, whose chemical structures are only slightly modified
during sediment diagenesis.

Within this context seeds have hardly been studied. To some extent this is remarkable since they are
often produced in large amounts. Alternatively, if few seeds are produced they can be of large size.
Extremes in this respect are orchids with produce over one million seeds per fruit per year (each weighing
5 ug) and the Seychelles coconut with a production of perhaps ten seeds in a lifetime weighing 20 kg each.
Perhaps more important from a geochemical point of view, seeds possess protective envelopes derived from
the integuments of the ovule. They comprise the seed coat and include the testa and tegmen at least one
layer of which often becomes tough and sclerotic at biological maturity. The testa is a product of the outer
integument whereas the tegmen is produced by the inner integument occuring inside the testa. On
morphological features the tegmen is comparable to a cuticle. The protective layers represent only a few
percent of the total biomass of the produced seed. However, in most cases it are only the seed coats that
are found in the geological record, because the outer layers of seeds contain resistant compounds to protect
the genetic material against physical and chemical processes such as temperature and humidity changes and
bacterial and fungal attacks. Hence, seeds, and particularly their resistant layers, have a large potential to
enter the geosphere and may become selectively enriched.

In this study outer and inner layers (testae and tegmens, respectively) of Late Eocene seeds of
Stratiotes (water soldier) and Sabrenia (fossil water lily) were analyzed by means of flash pyrolysis-gas
chromatography-mass spectrometry and flash pyrolysis-gas chromatography in order to test the above
mentioned hypothesis. The testa of the studied seeds is a sclerotic layer, whereas the tegmen is a translucent
tissue comparable to a cuticle. The Sabrenia seeds are obtained from the Brembridge Marls Member,
Bouldnor Formation, Hamstead Ledge, Isle of Wight. The Stratiotes seeds are obtained from the Totland
Bay Member, Headoan Hill Formation, Hordle Cliff, Hampshire. In addition a comparison is made between
the pyrolysate of the Sabrenia testae and the Beulah Zap lignite”. This coal sample was obtained from the
Sentinel Butte Formation of the Fort Union Group (Upper Palaeocene), Mercer County, North Dakota.

EXPERIMENTAL

The fossil testae and tegmens were dissected by hand. The samples were ultrasonically extracted with
methanol. The residues were dried in a vacuum stove at 30°C.

Curie-point pyrolysis-gas chromatography (PY-GC) analyses were performed with a Hewlett-
Packard 5890 gas chromatograph using a FOM-3LX unit for pyrolysis. The samples were applied to a
ferromagnetic wire. The Curie temperature was 610°C. The gas chromatograph, equipped with a cryogenic
unit, was programmed from 0°C (5 min) to 320°C (20 min) at a rate of 3°C/min. Separation was achieved
using a fused-silica capillary column (25m x 0.32mm) coated with CP Sil-5 (film thickness 0.4 xm). Helium
was used as the carrier gas.
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) The Curie-point pyrolysis-gas chromatography-mass spectrometry (PY-GC-MS) analyses wre
performed using the same equipment and conditions as described above for the PY-GC conneted with a
VG 70S mass spectrometer operated at 70 eV with a mass range m/z 40-800 and a cycle time of 1.8s.

RESULTS AND DISCUSSION

The pyrolysates of the fossil tegmens of both Stratiotes and Sabrenia seeds are dominated by series
of n-alkanes and n-alk-1-enes. In addition, the pyrolysate of the Sabrenia tegmens shows the distinct
presence of isoprenoids. Prist-1-ene is the most abundant compound. Since §-tocopherol was also detected,
this compound is thought to be the precursor of the observed isoprenoids®. The n-alk-1-enes and n-alkanes
detected in pyrolysates of the tegmens are thought to be derived from a highly aliphatic biopolymer
comparable to cutan®,

On the contrary, the main compounds in the pyrolysate of the fossil testae of Stratiotes and Sabrenia
are phenol and C, and C, alkylated phenols (Table 1). In addition, some methoxyphenols and benzenediols
(mainly benzene-1,2-djols) are present. The abundance of these latter compounds is very low in the
pyrolysate of the Stratiotes testae. The identification of these compounds was confirmed by comparison
of mass spectra and relative retention times with those of authentic standards. The methoxyphenols present
in these pyrolysates are not derived from lignin, since the distribution of these compounds in lignin
pyrolysates is completely different®, The phenols and benzenediols detected are thought to be pyrolysis
productes of a novel polyphenol biopolymer. :

The seeds of Stratiotes as well as Sabrina are produced under or near the water surface. In these
environments fungal activities are prominent. Since phenols are known to possess fungicidal properties®,
it is thought that the outer layer (testa) contains a polyphenol biopolymer as an additionai protective shield
for the genetic material. Hence, physical as well as chemical protection is conferred by the sclerotic testa.

As mentioned earlier the tegmen occurs inside the testa as a cuticle based on biological features. This
similarity of tegmen and cuticle is supported by pyrolysis data since a highly aliphatic biopolymer
comparable to cutan has been recognized as a constituent of tegmens.

The distribution patterns of the phenols and benzenediols in the pyrolysates of the testae are
remarkably similar to those in the pyrolysate of the Beulah Zap lignite (Table 1; Fig. 1). This indicates that
selective preservation of this novel biopolymer may be an alternative for the proposed demethoxylation of
lignins!® to explain the presence of phenol moieties in coals. Whether these phenol moieties in coal are
derived from testae only remains to be seen, because this novel biopolymer may also occur in other tissues
of water plants not yet investigated.

CONCLUSIONS

The two anatomically different seed layers of fossil Stratiotes and Sabrenia, tegmen and testa,
respectively, show remarkable differences in chemical composition. The tegmens are mainly comprised of
an aliphatic biopolymer comparable to cutan whereas the sclerotic testae contain a novel polyphenol
biopolymer.

The highly similar distribution pattern of phenols and benzenediols observed in both pyrolysates of
testae and lignites strongly indicates that selective preservation of the novel biopolymer may be an
alternative for the proposed demethoxylation of lignins to explain the presence of phenol moieties in coals.
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Table 1: Major identified peaks in pyrolysates of Sabrenia testae and the Beulah Zap lignite (Fig. 1)

Phenol

2-Methylphenol
2-Methoxyphenol
3-Methylphenol and 4-Methylphenol
2,4-Dimethylphenol
4-Ethylphenol
4-Methyl-2-methoxyphenol
Benzene-1,2-diol
Cg-phenol
4-ethyl-2-methoxyphenol
4-methyl-benzene-1,2-diol
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Fig. 1: Partial gas chromatogram of flash pyrolysates of Sabrenia testae (A) and the Beulah Zap lignite (B).
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INTRODUCTION

In recent year there has been considerable interest in developing
renewable resources, as alternatives to petroleum based substances.  Oil
and hydrocarbon producing plants, mostly growing in arid regions, are
especially promising candidates to produce important chemical inter-
mediates and fuels. (1-4).

In previous work (5,6), we have evaluated chemically the potential of
some Chilean species growing in arid lands as hydrocarbon producing
crops. Among the studied species, Euphorbia lactiflua, Euphorbia
copiapina, Tessaria absinthioides and Bulnesia chilensis turned out to be
promising sources of polyisoprene and/or n-paraffins. Their extracts are
potential starting materials for fuels and/or chemicals through pyrolytic
reactions. However, it is necessary to study the effect of various
catalysts on the pyrolysis and identify the most promising ones, in order
to utilize economically these plants.

Most of the work on the pyrolytic reactions of biomass were carried out
with the carbohydrates. (8). There is very little known on the influence of
catalysts, pretreatments and other reaction conditions on the compounds
obtainable through the pyrolysis of the extracts from latex producing
plants. It has been reported that mixtures of ethylene, propylene, toluene,
xylenes, Cs through Cog nonaromatics, and Cq to C4 alkanes can be
obtained when these extracts are pyrolyzed in the presence of ZSM-5, a
molecular shape-selective zeolitic catalyst developed by Mobil Oil
Corporation (7).

It is difficult to taylor-make "a priori" a catalyst for all the types of
reaction that take place in converting biomass extracts to valuable
chemicals. However, we theorize that owing to their acidic and structural
properties, such as larger pore size and central cavity size than those of
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ZSM-5, thermostable zeolitic faujasites would be appropriate. Some bi-
functional catalysts, e.g. Ptfaujasite, would be also good candidates to
improve reduction of carbonyl groups and to diminish the formation of
coke which deactivates the catalyst.

To assess the possibility of obtaining fuels, the main components of
CHoClo extracts from Chilean species,i.e.,polyisoprene, n-paraffing and
resins, were pyrolyzed with various zeolitic catalysts, utilizing different
heating rates and subtrate/catalyst (S/C) ratio. Conversion degree and
best conditions of pyrolysis were estimated by means of thermo-
gravimetry and differential scanning calorimetry.

EXPERIMENTAL
Extraction, fractionation and analysis.

Plant species were collected from the wild, in the North of Chile (Il and
IV Regions). Voucher specimens were kept at the University of Concepcion

Herbarium (Conc.). Samples of latex from Euphorbia lactiflua were
collected by tapping wild plants.

Dried milled samples were extracted in a Soxhlet apparatus with CHa2Clo
for 40 hours. After the evaporation of the solvent, the solids were again
extracted using acetone to obtain acetone-soluble and acetone-insoluble
fractions. Representative fractions were characterized by quantitative
analysis, IR, 1H and 13C NMR spectroscopy, TLC and GC (5,6). Results are
given in Table 1.

Isolation and Characterization of main components.

n-Paraffins.
Acetone-insoluble fractions were refluxed in a suspension of activated
carbon, Johns-Manville cellite and hexane, filtered and dried to obtain the

fractions of refined hydrocarbons which were analyzed by IR, TH NMR, 13¢C
NMR, and GC. (5).

NMR and IR spectra of refined hydrocarbons from different species
revealed almost exclusively the presence of n-paraffins. The identi-
fication of hydrocarbons was carried out by the comparison of RRt data
with those of authentic standards. The results revealed the presence of
n-alkanes mixtures with chain lengths varying from n-nonadecane (n-Cqg)

to n-tritriacontane (n-C33). In the mixture, n-heptaeicosane (n-Cs7), n-
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nonaeicosane (n-Cpg) and n-hentriacontane (n-C3q) were the dominant
alkane components.

Rubber
Fresh latex from E. lactiflua was mixed with C2Clg. After removing the

azeotrope, the solid was dried at 500C for 12 hours. Dry latex was
dissolved in CHaClo, then filtered, and the solution was added drop by drop
to methanol. The precipitate was centrifuged, dried in a vacuum oven at
500C for 2 hours and weighed. The yield was 8.05% in dry latex weight
basis. The characterization was done by IR, NMR spectroscopy (13C and

TH) and TLC. All .the data obtained agreed with those given in literature
for cis-1,4-polyisoprene.

Resins
Resins isolated through succesive fractionation of dry latex from E.
lactiflua and CH2C 12 extract from C. odorifera were characterized by [.R.,

13C NMR and TLC with standards (5). The main components were: sterols
(B-sitosterol-type), fatty alcohols (oley-type), fatty acids (oleic-type).

Preparation and Characterization of Catalysts

Series of HNaY, MNaY and M{MaNaY (M = Pt, Co, Mo) zeolites were prepared
by impregnation or partial sodium exchange of a NaY zeolite faujasi